sD S Ee 


As this cableman runs his pickup coil 
along the cable, his ear tells him when 
he has hit the exact spot where unseen 
trouble is interfering with somebody’s 
telephone service. 


Trouble develops when water enters 
a cable sheath cracked perhaps by a 
bullet or a flying stone. With insula- 
tion damaged, currents stray from one 
wire to another or to the sheath. At the 
telephone office, electrical tests on the 
faulty wires tell a repairman approxi- 
mately where to look for the damage. 


A special “tracer” current, sent over 
the faulty wires, generates a magnetic 
field. Held against the sheath, an ex- 
ploring coil picks up the distinctive 
tracer signal and sends it through an 
amplifier on the man’s belt to head- 
phones. A change in signal strength 


along the cable tells the exact location 
of the “fault.” 


Compact, light, simple to use, this 
test set makes it easier for repairmen 
to keep your line in order. It is another 
example of how Bell Laboratories re- 
search helps make Bell Telephone serv- 
ice the most dependable in the world. 


Exploring and inventing, devising and 
perfecting, for continued improvements 
and economies in telephone service, 
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BRIGHT SOLDERING 
L DISTILLATION 


THERMAL REDUCTION 


eto SRT 


MELTING and CASTING 


PRODUCTION FURNACES — MELTING AND CASTING 


High Vacuum Metallurgy is not new as labo- 
ratory technique. It zs new as.a practical indus- 


trial operation. 


For the first time, National Research Corpora- 
tion offers its services to design and build, to 
your requirements, furnaces which operate in 
the micron pressure range. Pressures run as low 
at 10* mm. Hg. absolute. 


HEAT TREATING — 


Six years’ experience in the engineering and DEGASSING FURNACE 
construction of High Vacuum metallurgical 
equipment is at your disposal. Write National VACUUM ENGINEERING DIVISION, 


Write to « National Research Corporation, 


Research Corporation. Cambridge 42, Massachusetts 


We supply a complete line of diffusion pumps, vacuum gauges, valves, seals, 
coating equipment, dehydration equipment and special high vacuum apparatus. 


HIGH VACUUM FOR INDUSTRY 


NATIONAL\RESEARCH CORPORATION 
CUUIM™ ane 
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Authors In This Issue 


C. B. Post (p. 12): born in Clarksburg, W. Va. Graduated from West Vir- 
ginia University, University of Pittsburgh, School of Chemistry and 
Physics, Pennsylvania State College with Ph.D. degree. Is a member of 
AIME and lives in Wyomissing, Pa. Has been connected with Weirton 
Steel Co. and at present with Carpenter Steel Co. Mr. Post has previously 
presented an AIME paper on Interaction of Liquid Steel with Ladle Re- 
fractories. ...D. G. Schoffstall (p. 12): born Tower City, Pa., and attended 
Tower City high school. Graduated from Gettysburg College with B.S. 
degree. He is Metallurgist of the Carpenter Steel Co. and now lives in 
Reading, Pa. Mr. Schoffstall has previously presented an AIME paper 
as co-author on Determining the Hydrogen Content of Molten Steei by 
Vacuum Extraction. .. . Clyde Wyman (p. 18): born in Oshkosh, Wis., 
and attended Oshkosh high school and Marquette College. Is a member 
of AIME and now resides in Chicago. He has worked for Sivyer Steel 
Casting Co. as Melter and with Oklahoma Steel Casting Co. as Chief 
Metallurgist and Asst. Works Manager. Mr. Wyman has previously 
presented AIME papers on the Recovery of Vanadium and Other Alloys- 
Acid Elec. Furnace, and on the Use of High-Purity Oxygen For Decar- 
bonization in 5-ton Acid Elec. Furnace. His major activities are fishing, 
golf, bowling, hunting. ... E. R. Vance (p. 28): born 
in New Philadelphia, Ohio, and attended McKinley 
high school in Canton, Ohio. Attended Purdue Uni- 
versity. Was Special Chemist for Timken Roller Bear- 
ing Co. in the Steel & Tube Div. for some years and 
now is Chief Chemist. Mr. Vance makes his home in 
Canten, Ohio. His hobbies are gun collecting, hunting 
and pistol shooting, enjoys fishing, golfing, motor- 
boating and football. . . . Gerhard Derge (p. 31): 
born in Lincoln, Neb., and attended Warren Harding 
high school, Warren, Ohio. Graduated from Amherst 
College and Princeton University with B.A. and Ph.D. 
degrees. Is a member of AIME and lives in Pitts- ; 
burgh. Mr. Derge is a member of the staff of the C. Wyman 
Metals Research Lab. and Dept. of Metallurgical En- 
gineering at Carnegie Institute of Technology and 
is at present Professor of Metallurgy. Mr. Derge has 
previously presented AIME papers on Oxygen in Basic 
Electric Furnace Baths and Sampling and Analysis of 
Steel for Hydrogen. He enjoys tennis, fishing and gen- 
eral outdoor activities. ... W. L. Finley (p. 668): born 
in Brooklyn and attended Brooklyn Preparatory 
School. He graduated from Lehigh University with 
degree of B.S.Ch.E. and from Yale University as 
D.Eng. He is a member of AIME and now lives in 
Fairfield, Conn. He has worked for Remington Arms 
Co., Inc., an affiliate of DuPont, and since 1939 has 
E. R. Vance been Supervisor, Metals Research. His assignments 
have included lead base alloy development, wartime developments of de- 
signs and processes to adapt steel and aluminum alloys to small arms 
ammunition components and recently titanium alloy development. Mr. 
Finley has previously presented an AIME paper on Some Effects of 
Applied Stresses on Precipitation Phenomena. His chief interests are 
cycling, reading and listening to good music. ... A. H. Roberson (p. 675): 
born in Carson, Iowa. Attended Mesa, Ariz., high school and University 
of Arizona, graduating with B.S. Chem. and M.S. Met. degrees. Now lives 
in Corvallis, Ore. He has worked for United Verde Copper Co. and the 
Magna Copper Co. in Arizona, and he is now with the U. S. Bureau of Mines 
doing research on Ti and Zr metals and alloys. Mr. 
Roberson has previously presented AIME papers. His 
hobbies are fishing and gun collecting. . .. C. E. Ar- 
mentrout (p. 675): born in Torrington, Wyo. Attended 
South high school, Salt Lake City, graduating with 
B.S. degree. Now lives in College Park (Berwyn) Md. 
Is associated with U. S. Bureau of Mines as Metallur- 
gist. Mr. Armentrout has previously presented an 
AIME paper as co-author on Alpha Solid Sol. Area of 
the Cu-Mn-Al System. His chief pleasures are hunting 
and fishing... . E. L. Reed (p. 683): born ‘n Somer- 
ville, Mass., and attended Somerville high scheol. He 
graduated from Tufts College with degree of B.S. and 
D.Sc. from Harvard. Now lives in Arlington Heights, 


W. L. Finley 


“C-O” 


POLISHING COMPOUND | 


“C-RO"” is a relatively heavy, metal- 
lographic, polishing compound in 
which small, sharp uniform particles 
provide a fast, sure and flawless cut- 
ting action. It polishes without bur- 
nishing. Write for Bulletin 208. 


53-585....“C-RO”....Y% lb.....$5.00 


1942 FIFTH AVE 
PITTSBURGH 19 
PENNSYLVANIA 


INDUSTRO 


model B 


GAS ANALYZER 


Analyzers for the rapid control anal- 
ysis of gas mixtures comprising any 
or all of the following: carbon mon- 
oxide, methane, oxygen, hydrogen, 
and nitrogen. Two models, B and C, 
for use in combustion control plus 
other applications. Write for Bul- 
letin 213. 


Model B $87.50 
Model C 110 volts $140.00 


1942 FIFTH AVE 
PITTSBURGH 19 


PENNSYLVANIA 
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Mass. He has worked as Metallurgist with Sauveur & 
Boylston, Cambridge, Mass., American Sheet & Tin 
Plate Co., Pittsburgh, and Watertown Arsenal, Water- 
town, Mass. Mr. Reed’s hobbies are mountain climbing 


A. A. Roberson 


and stamp collecting.... L. D. 
Jaffe (p. 683): born in Brooklyn, 
and attended Abraham Lincoln 
high school. He graduated from 
M.1.T. with degree of M.S. and 
from Harvard with a Sc. D. de- 
gree. Is a member of AIME and 
now lives in Cambridge, Mass. He 
has been associated with the lab- 
oratories of Watertown Arsenal 
in the Specifications Unit and 
then as Chief of Phase Transfor- 
mations Unit and now Chief, 
Physical Metallurgy Branch, Mr. 


Adam, Jr. (p. 727): born in 
Washington, Pa., and attended 
Washington & Jefferson College, 
Harvard, University of Pennsyl- 
vania, graduating with degrees of 
B.A., M.A., Ph.D, D:Se> Mr Me- 
Adam is a member of AIME and 
now lives in Washington, D. C. 
Was at one time Instructor at 
Lehigh University, and became 
Metallurgist at U. S. Naval Eng. 
Exper. Station, also with Bureau 
of Standards, and now Consult- 
ing Metallurgist. Mr. McAdam 


S. J. Sindeband 


Jaffe has presented a great many 
AIME papers. He enjoys sailing 
and mountain climbing. ... J. C. 
Fisher (p. 688): born in Ithaca, 
New York, and attended Ithaca 
high school. Graduated from Ohio 
State University with degree of 
B.A. and from M.1.T. with degree 


has presented several AIME 
papers and enjoys mountain 
climbing. . . J. T. Norton (p. 
749): born in Medford, Mass., and 
attended Nashua High School. 
He graduated from M.1.T. with 
degree of Sc.D. Is a member of 
AIME and makes his home in 
Cambridge, Mass. Became Res. 
Assoc. Physics, MIT. and then 
Assoc. Prof., Metallurgy and now 
Full Professor of Metallurgy at 


of D.Sc. He is a member of 
AIME and now lives in Schenec- 
tady. He has worked as research 
engineer on the staff of Battelle 
Memorial Institute, and _ since wer ; 

1947 has been Research Associate C. E. Armentrout 
at General Electric Research 
Lab. ... J. H. Hollomon (p. 691): 
born in Norfolk, Va., and attended 
Augusta Military Academy. He 
graduated from M.I1.T. with B.S., 


that Institute. Prof. Norton has 
previously presented a great 


J. K. Stanley 
many AIME papers both as au- 


thor and collaborator. ...S. J. 
Sindeband (p. 749): born in New 
York City and attended Townsend 
Harris high school. Graduated 
from School of Eng. Columbia 
University with B.A., B.S. and 
M.S. degrees. Is a member of 
AIME and lives in Chappaqua, N. 


ii 
papers. 


and Ph.D. degrees. Is a member 
of AIME and now lives in Scotia, 
New York. He was Instructor 
at Harvard Graduate School and 
after service with the Army at 
Watertown Arsenal, became Asst. 
Head, Metallurgy Research at 
General Electric Co. Mr. Hollo- 
mon has presented many AIME 


... D. Turnbull (p. 691): 


Y. Worked for Consolidated Edi- 
son Co. and was on Active Duty, 
U.S. Navy, with rank Lt. Cmdr. 
in the Naval Ordnance Lab as 
assistant to Tech. Director at the 


end of the war. Is now Technical 
Director for American Electro 
Metal Corp. Mr. Sindeband has 
previously presented an AIME 
paper. His hobbies are amateur 


See September issue Journal of 
Metals. ... R. Maddin (p. 700): 
See September issue Journal of 
Metals. ... W. R. Hibbard, Jr. 
(pp. 700 and 710): See Septem- 
ber issue Journal of Metals... . 
M. K. Yen (p. 710): born in Pei- 
ho-tian, Hopeh, China, and went 


radio and gardening. ... H. 
Blumenthal (p. 749): born in 
Marburg, Germany, and attended 
Marburg high school. He gradu- 
ated with degree of Ph.D. in 
chemistry from the University of 
Marburg. Now lives in Brooklyn. 


SO NON Has worked in Nickel Alloy and 
M. C. Udy Cadmium foundries as Chemist 
and at present is Research Chem- 
ist and Metallurgist. Mr. Blum- 


to Wesley Middle School, Wa- 
chung, China. Attended National 
Cenvrval University, China, and 
graduated from Yale University 


with B.S. degree, 


J. T. Norton 


M. K. Yen 


subsequently 
M.Eng. and D. Eng. Worked as 
Associate Engineer, Bureau of 
Ind. Research, Chungking, China, 
and as Research Metallurgist, Re- 
search Dept. Chase Brass Co., 
Waterbury, Conn. Now is Re- 
search Associate, College of En- 
gineering, N. Y. U., New York. 
Mr. Yen is a member of AIME 
and has previously presented sev- 
eral papers. He makes his home 
in New York City and his major 
activities are swimming, bridge 
and enjoys music. ...D. I. Mc- 
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enthal’s hobbies are photography 
and hiking. ... J. K. Stanley (p. 
752): born in Cleveland, Ohio, and 
attended East Technical hi gh 
school. Graduated with degree of 
B.S. from Case Institute of Tech- 
nology and from University of 
Pittsburgh with Ph.D. degree. Is 
a member of AIMEE and makes 
his home in Pennridge, outside 
of Pittsburgh. He has worked for 
National Smelting Co. as Metal- 


Attention Authors 


Mail your Annual Meeting papers to head i 
quarters. The deadline 
for all IMD, ISD and EMD papers to be preprinted is Oct. 15. 


L. W. Eastwood 


—— 


lurgist and is at present with 
Westinghouse Electric Corp. as 
Research Metallurgist. Mr. Stan- 
ley has previously presented 
papers on Recrystallization, 
Orientation and Soft Magnetic 
Materials (Fe-Al, Fe-Co). En- 
joys traveling, photography and 
music. ...K. K. Ikeuye (p. 762): 
born in Stockton, Calif., and went 
to Porterville Union high school. 
Graduated from Missouri School 
of Mines with degree of B.S. in 
Met., presently at Illinois Inst. 
Tech., Chicago graduate school for M.S. Now lives in 
Chicago and on the staff of Institute for Study of 
Metals as Metallurgist. Mr. Ikeuye enjoys fishing, ten- 
nis and carpentry. ... C. S. Smith (p. 762): born in 
Birmingham, England, and attended University of Bir- 
mingham graduating with degree of B.Sc., and M.I.T. 
with degree of D.Sc. Is a member of AIME and pre- 
sented very many AIME papers. Now lives in Chicago. 
Was for sometime Res. Met. for American Brass Co., 
Res. Supervisor on War Metallurgy Committee, NDRC, 
Assoc. Div. Leader in Charge of Metallurgy, Los Ala- 
mos, and at present Professor of Metallurgy and Di- 
rector of Institute for the Study of Metals, University 
of Chicago. Mr. Smith’s major activity is mountain 
climbing, and is interested in the study of history of 
metallurgy. ... M. C. Udy (p. 769): born in Farming- 
ton, Utah, and attended Niagara Falls high school. 
Graduated from Lehigh University with degree of B.S. 
and M.S. and from Ohio State with degrees of B.S. in 
Chem. Eng., M.S. in Met. Eng. and Ph.D. in Metallurgy. 
Is a member of AIME and now lives in Columbus, 
Ohio. Mr. Udy is on the staff of Battelle Memorial 
Institute as Research Metallurgist and has previously 
presented AIME papers on Low Temperature Gaseous 
Reductions of a Magnetite, and Boron in Certain Alloy 
Steels. Enjoys bowling, photography... . L. W. East- 
wood (p. 769): born in Wiota, Wis., and went to Pallo- 
ville high school. Graduated from University of Wis- 
consin with B.S., M.S., Ph.D. degrees. Is a member of 
AIME and now lives in Westerville, Ohio. Became Asst. 
Prof. Michigan College of Min. & Tech., Research 
Metallurgist Aluminum Co., and at present Supervisor 
Battelle Magnesium Foundry. Mr. Eastwood has pre- 
sented several AIME papers... .- 
G. K. Manning (p. 779): born in 
Anderson, Ind., and went to An- 
derson high school. Graduated from 
Franklin College, University of 
Michigan with B.A., and M.S.E. 
degrees. Is a member of AIME 
and lives in Columbus, Ohio. 
Worked with Republic Steel Corp., 
as Metallurgist, and at present 
Supervisor, Metallurgical Engi- 
neering, Battelle Memorial Insti- 
tute. Mr. Manning has previously 


G. K. Manning 


2005 K St., N. W. 


R. S. DEAN LABORATORIES 
Consulting, Research, Development 


Chemistry, Electrochemistry, & Metallurgy 
Laboratory Research on a Contract Basix 


Washington 6, D. C. 


Engineering Societies Service 


pe following employment items are made available to AIME 

members on a nonprofit basis by the Engineering Societies 
Personnel Service, Inc., operating in cooperation with the Four 
Founder Societies. Local offices of the Personnel Service are at 
8 W. 40th St., New York 18; 100 Farnsworth Ave., Detroit; 
57 Post St., San Francisco; 84 E. Randolph St., Chicago |. Appli- 
cants should address all mail to the proper key numbers in care 
of the New York office, and include 6¢ in stamps for forwarding 
and returning application. The applicant agrees, if placed in a 
position by means of the Service to pay the placement fee 
listed by the Service. AIME members may secure a weekly 
bulletin of positions available for $3.50 a quarter or $12 a year. 


—— = POSITIONS @PEN 


Metallurgists, two, 23-35, B.S. in metallurgy or mining ; 
some practical experience necessary for one. In lieu 
of experience, a graduate who specialized in ore-dress- 
ing problems would be acceptable for one of the jobs. 
Duties will be to conduct ore-dressing investigations. 
(mainly flotation tests and microscopic examinations) 
in the research laboratories and supervising special 
tests in the concentrators. Must be single. Salaries, 
$2700-$3900 a year. Location, South America. Y-798. 


Process Metallurgist for process development and semi- 
works production of metals by chemical or electro- 
furnace reduction. Write stating qualifications, expe- 
rience and salary expected. Location, New Jersey. 
Y-1646. 


Physical Metallurgist, preferably with Doctor’s degree, 
for research project concerned with the effect of en- 
vironment on the properties of metals at elevated tem- 
peratures. Later may lead to a teaching position. Lo- 
eation, California. Y-2749. 


ELECTRIC FURNACE CONFERENCE 


Early indications are that the Seventh Annual 
Electric Furnace Steel Conference, to be held 
Thursday to Saturday, Dec. 8-10, at the William 
Penn Hotel, Pittsburgh, will break all past 
records. Certain papers to be presented at the 
Conference are currently appearing in the 
Journal of Metals. All those who plan to attend 
the Conference should make their reservations 
directly with the William Penn Hotel. 


PROFESSIONAL SERVICES 


Limited to A.I.M.E. members, or to companies that have at least one A.I.M.E. 
member on their staffs. Rates, hereafter, one inch only, for one year, $40. 


Cc. L. MANTELL 
Consulting Engineer 


Tin Metallurgy 
Electrochemical Processes 


pares 451 Washington St., New York 13, N. Y. 


LEWIS B. LINDEMUTH 


presented AIME papers on the 
Relationship Between Transforma- 
tion at Constant Temperature 
and Transformation during Cool- 
ing, and The Cobalt-Chromium 
Binary System. His hobby is photo- 


graphy. 


MAX STERN 
Consulting Hngineer 


Expert for Scrap Recovery and Ship- 
wrecking—Modernization of Plants and 
Yards for Ferrous and Nonferrous Metal 


Scrap 


150 Broadway New Yor. 7, N. Y- | 


Consulting Engineer 


140 CEDAR STREET, NEW YORK 6, N. Y. 


STEEL PRODUCTION 


DESIGN + OPERATION + CONSTRUCTION + METALLURGY 
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HEAVY DUTY CRANKSHAFTS 
} cast in High Test 


NICKEL ALLOY IRON 


Crankshafts ranging from 800 to 4000 
pounds in weight, and from 6 to 18 
feet in length... for large Diesel 
engines in marine, locomotive, and 
Stationary power plants...are now 
produced commercially by Pacific Car 


& Foundry Company’s efficient new 
casting method. 


The photograph shows an unma- 


chined 8-throw unit that weighs 2105 


pounds. It was cast in high strength 
nickel-molybdenum gray iron at Pa- 


cific’s foundry in Renton, Washington. 


This nickel alloy iron, produced 
as an inoculated iron in the basic 
electric furnace, consistently meets 
strength specifications of 60,000 to 
75,000 p.s.i. 


Each shaft is stress-relief annealed, 


This high test nickel iron crankshaft is cast in a 
mold set horizontally, and ti 


pouring. Mounted in specially | signed trunions, 
the mold is rotated 90° to the vertical position for 


cooling. This provides bette: feeding, improved 
directional solidification, ar 
=< 


Don’t Forget... 


Jot down—"INCO Booth, No. 302’ —in your 


memo book of companies to visit at the 


NATIONAL METAL EXPOSITION, at the 


Public Auditorium in Cleveland, Ohio, Octo- 
ber 17th to 21st. Convenient facilities for dis- 
cussing your problems with our metallurgists 
and foundry specialists will be available. 


THE INTERNATIONAL NICKEL COMPANY, INC 


and x-rayed to detect possible internal 
defects. 


These nickel-molybdenum cast iron 
crankshafts provide: 


@ Low Notch Sen: 
®@ Excellent Vibra 


@ High Resistance to Fatigue 


Avoidance of expensive dies atid-forg- 
ing equipment, the use of cores to 
eliminate unnecessary metal, and th 
fact that castings require less machine 
tool time... point to the economy of 
using nickel alloy irons. 

Heavy duty crankshafts indicate the 
wide scope of applications for high 
strength nickel alloy cast irons. Our 
casting specialists will be glad to con- 
sult with you and suggest where 
nickel cast irons may be useful to 
you. Write us today. 

| 


i 


slightly while 


1s, sound castings. 


G7 WALL STREET 
e NEW YORK 5, N.Y. 


Journal of Metals REPORTER 


Accurate bath temperature readings in the basic electric furnaces may be obtained 
through the modification and application of the immersion Rayotube. C. B. Post and 


D. G. Schoffstall on p. 12 describe this rugged, accurate and low-cost method for 
consecutive bath readings. 


* 


* Manganese can be recovered and reused from openhearth slag by crushing, calcin- 


ing, grinding, jigging and flotation. From this series of treatments an 80 pct 
Manganese-iron alloy is recovered. A firm of consultants announced that $23 worth 
of manganese and iron per ton of slag can be recovered for an outlay of $13. 

* What are the metallurgical factors influencing quality of oxygen decarbonized 
acid electric steel? The degree to which each variable in standard oxygen prac- 
tice influences the physical properties of steel is described for the first time 
on page 18. 


* Improvement in speed and accuracy in analytical control of high-grade electric 


furnace and openhearth heats seems to be promised by the direct-reading spectro- 
meter. Timken reports on two years of experience (p. 28) involving over a million 
determinations. Less manpower is required than with a spectrograph, and the direct- 
reader is accurate, rugged and standardization is maintained even after long 
shutdowns. 


* Armco has started building three 225-ton basic openhearths-- the initial con- 
struction on what will ultimately be an entirely new steel plant involving 12 
openhearths. The same company has just completed a second continuous galvaniz- 
ing unit which can coat 48-in. wide sheet up to 2 plus oz class coat at very 
high speed and very high adherence. 


* Some of the technical men in Washington have devised the term "megabucks" as a 
monetary unit. The national debt expressed as 250,000 megabucks hardly seems 
impressive enough to cause much worry. 


* Traces of lead in fluorspar will cause trouble in high-alloy steel, according 
to investigations now being carried out by Timken. 


* Several operators of large door-charge electric furnaces are considering re- 
building to permit top charge of light scrap with heavy scrap as usual machine- 
charged through the door. 


* A startling report has just been issued by the Steel Founders' (British) pro- 
ductivity team--the first sent to the United States by the Anglo-American Producti- 
vity Council. American productivity in steel founding is estimated as being 50 to 
90 pet higher than British, in manhours per ton. 


The British note that in America the exercise of skili has been taken from the 
shop floor into the pattern shop, the methods office and the brains of the super- 
visors, In America more machines are used, technical innovations are readily 
adopted, power is freely used and freely available. In America, in contrast to 
Britain, wage systems are simple and incentives are "crude, direct and powerful." 
In America, says the report, the rewards of productivity are shared by workers, 
technicians, investors and customers. 
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It's Everyones Business 


ITH summer’s record heat tempered, the month 

of September was a potpourri of atomic bombs 
(Russian version), strike threats, Yanks, Dodgers, 
Red Sox, Cardinals, and a great scurrying of po- 
liticos in and out of Washington. Congressmen 
drifted into the hinterland at the slightest opportu- 
nity to rest their jangled nerves and mend fences. 
Out in Pittsburgh and Des Moines, the epicenters 
of labor and agriculture, Mr. Truman mounted his 
campaign charger and unfurled his battle-flag for 
1952. He pridefully spoke of his record—not as 
tarnished as sometimes suggested—but made no 
attempt to gloss over failure to repeal the Taft- 
Hartley Labor Act. Meanwhile, the father of this 
Act, Senator Taft, also chose Labor Day to start 
visiting every county in Ohio in preparation for 
his trial by vote in 1950. If he is defeated next year 
the Republican conservative wing may be perma- 
nently crippled; if he wins he can hardly avoid be- 
ing the strongest contender for standard bearer in 
1952. And, also on Labor Day, General Eisenhower, 
speaking before the American Bar Association, gave 
every indication of willingness to grasp the same 
standard if the Republicans would care for a nice 
middle-of-the-road contender. 

Meanwhile, confused and harried Britains and 
Canadians conferred with their American opposite 
numbers in Washington in an eleventh-hour effort 
to somehow resolve the desperate world dollar 
problem. What Mr. Bevin described as “perhaps the 
most momentous talks of all time” ended with a 
3000-word statement from the finance ministers so 
bland and commonplace as to be a source of much 
puzzlement on both sides of the Atlantic. What 
concessions there were seemed to be all one way, 
from North America to Britain. But within a week 
the British paid the piper with a long-overdue, 
drastic and immediate devaluation of the pound 
sterling. Practically all the world’s currencies then 
toppled in a mad rush to maintain pre-devaluation 
ratios. 

By indulging in some highly optimistic flights of 
conjecture many attempts were made to translate 
all these moves into a tidy British “balance sheet” 
for 1952 to show an equalization between outgo and 
income. But there is little justification for regard- 
ing devaluation, even in conjunction with the other 
measures of agreement in the Washington talks, as 
any means of economic salvation, either in Britain 
or Western Europe. Devaluation, if it is to be other 
than a futile gesture, will have to be accompanied 
by unpleasant forms of retrenchment and energetic 
effort to achieve greater productivity. 

The British worker will have to work longer and 
harder to send far more goods to the United States 
just to maintain current dollar sales. This means 
a further serious drop in the standard of living of 
Britain and Western Europe, and the political re- 
percussions can well be quite violent. Even so, there 
can be some doubt as to whether in 1952 there will 
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be a balance between what Europe needs from the 
dollar area and what Europe sells to the dollar 
area. The dollar sales in the Marshall group of 
countries have declined by 30 pct in the past six 
months (see graph), and if this drift is not halted 
the hunger and unemployment prophesied by the 
assembly at Strasbourg will not wait even until 
1952. 
Granted the British master all these difficulties, 
there is still another hurdle to cross in order to 
lift deliveries to the United States to near the calcu- 
lated levels for 1952. The Washington talks prom- 
ised a review of tariffs and customs procedure in 
the United States, but during the same week the 
relatively mild Reciprocal Trade Agreements Act 
just squeezed through Congress with the slimmest 
of margins. In short, Congress has never cared to 
pursue policies appropriate to a great creditor na- 
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tion or to ease the way for repayment of the billions 
of dollars pumped out over the past several decades 
to subsidize exports. 

Americans keep advising Europeans to expand 
their exports to the United States. Even Mr. Hoff- 
man has been guilty of some guile when he recently - 
said that American tariffs are no higher than in 
1914 and insinuated that they could hardly be a 
bar to greater imports. But in 1914 the United 
States was probably the most highly protected 
country in the world, and today its tariffs are quite 
high when viewed in the light of the country’s 
record position as an exporter and creditor power. 
Today, duty on imports of machinery are 1214 pet, 
rising to 40 pct for textile machinery. On bicycles 
the duty rises to as high as 30 pet, cutlery pays 
up to 35 pet, glass up to 40 pet, boots and shoes 
20 pet, hosiery 50 pct, and clocks in some cases 
up to ad valorem rates of over 200 pet. Super- 
imposed on all this is a set of rules and regulations 
Specifically designed to discourage or to delay. 
Many onerous restrictions stand in the way of for- 
eign enterprise attempting to operate in the United 
States, of which the situation in shipping is the 


most notorious. All this is hardly likely to be 
changed without prolonged and anguished outcries 
from Congress. But the alternative is further out- 
right gifts of money abroad, with no inclination or 
intention of accepting anything in return. It is a 
policy likely to make many a future historian’s eyes 
bulge with disbelief. 

The tide of recession in the United States shifted 
sharply in August, much to the pleased surprise 
of all pundits. September was everyone’s favorite 
for the turn. The Federal Reserve Board’s August 
index on industrial production rose all the seven 
points it had lost in July, this being the first up- 
ward movement since October 1948. The Census 
Bureau reported August unemployment down 400,- 
000, and preliminary September figures show a 
further drop of 338,000. The labor picture is now 
59,411,000 employed, 3,351,000 unemployed and 
1,459,000 in the armed forces. But still some 2,000,- 
000 persons continued to work part-time from ne- 
cessity rather than choice. The impetus behind 
this improvement was partly seasonal and partly 
sparked by restocking to fill out inventories on a 
rising price curve. Preparations for the Christmas 
trade, particularly in the consumer goods, would 
normally carry this autumn upswing on through 
the turn of the year. But the entire labor situation 
is in such a turmoil as possibly to put a painful 
crimp in the curve of economic recovery. 

Base metal prices (see graph) wallowed in a 
trough of indecision through most of September 
under the twin impacts of a rising industrial curve 
and a deteriorating labor situation. There has been 
the usual seasonal increase in buying activity, some 
cautious replenishment of depleted stocks, but 
prices in general show no real recovery from the 
unwarranted declines earlier in the year. In zinc, 
the galvanizers have been in the market regularly 
but diecasters came in for a little and are quickly 
out. Battery manufacturers are taking sizable 
quantities of lead and the demands for electrical 
equipment, which account for half the consumption 
of copper, have been well maintained and even show 
some recent improvement. Under the impact of 
industrial strife, copper continues to hold (Oct. 3) 
at 17.625¢ compared with 23.5¢ last March. Lead 
dropped back to 14.75¢ on Sept. 26, as against 21.5¢ 
in March; and zine dropped from 10¢ down to 9.25¢ 
on Oct. 3, as compared with its first quarter peak 
of 17.50¢. As regards production, output from 
American mines has fallen off but world output 
continues to rise. There are no signs of surpluses, 
however, least of all in lead. 

On the labor front Mr. Murray was in the down- 
stage spot all month; Mr. Lewis carried on his in- 
dependent show off in a corner, and Mr. Reuther, 
the rubber workers and a host of other unions, 
marked time in the wings awaiting their cues. The 
employers rallied in earnest for a real fight, with 
practically no defections in their ranks. The issue 
was security to be totally financed out of the yields 
of the risk-takers. Just how much room is left 
in the American economy for the worker to in- 
crease his share of business profits is probably 
something on which employer and employe will 
“never agree, but for the first time in nine years 
there was no insatiable consumer demand to foster 


collusion between them and thus avoid the basic 
issue. Both sides brought up such a show of force 
that face-saving retreat became impossible—a test 
of strength on the picket line became the only al- 
ternative. 

Even while the labor aristocrats drove for se- 
curity, their lowly brethren were given a hand up 
early in September by Mr. Truman as he redeemed 
still another of his campaign pledges. (Others: 
Atlantic Pact, Wheat Agreement, Housing Act, 
stop-gap farm price legislation, Military Assistance 
Program.) The Senate, all in a hurry to get home 
for a six-day holiday, rushed through an advance in 
the national minimum wage from 40¢ to 75¢ an hr. 
This was the first change since a rather meaningless 
40¢ was passed in 1938. 
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Almost forgotten amidst portentious happenings 
elsewhere in the economy are the limited geographic 
areas which continue to show such serious unem- 
ployment that the situation may become chronic 
without government help. Whereas the national 
average of unemployment is now less than 6 pct 
of the total labor force, there are eleven areas with 
over 12 pct unemployment, and a few smaller areas 
may soon be added to the list. In these limited areas 
unemployment compensation has so far acted as a 
buffer to the local economy, but from now on the 
benefit rights will begin steadily to run out. 

With the exception of Knoxville, Tenn. and 
Muskegon, Mich., all the eleven distress areas are 
in the northeastern corner of the U. S. and six are 
in New England. In Lawrence, Mass., 37 pet of the 
labor force is out of work, and in the Providence 
area, which is tantamount to the whole state of 
Rhode Island, one out of every five workers is un- 
employed. The chief industries in these depressed 
areas are consumer goods, all early victims of the 
recession—textiles, shoes, jewelry, machine tools, 
electrical goods and so on. 

The improvement in the general economy has al- 
ready helped the textile and leather industries. Fur- 
thermore, Mr. John Steelman, the President’s ad- 
viser, has instructed the ten chief government 
spending agencies to shift their procurement activi- 
ties whenever possible to the eleven areas, and pub- 
lic works and other government activities already 
planned for these areas will be speeded up. It is 
expected that all these activities will pump some 
new life into these eleven areas by year’s end. It’s 
mostly a form of robbing Peter to bolster Paul, but 
so fer no one has cared to suggest an optional 


course. 


“JOURNAL OF METALS, OCTOBER 1949—11 


Temperature Measurement in 


HE temperature of molten steel in the arc fur- 

nace is one of the most important variables in 
steelmaking. During the course of a heat, the tem- 
perature has a large influence on the extent of 
chemical reactions in the bath, and also between 
the bath and the slag. The temperature of the 
bath at tap determines to a large extent the re- 
sulting fluidity during the pouring of ingots, the 
occurrence of casting and ingot surface defects, 
and the porosity and segregation in the ingots and 
wrought products. In this respect, any device which 
enables the melter to know the temperature of the 
bath at any time during the course of the heat will 
enable him to pay that much more attention to the 
other factors involved in steelmaking, and is a 
welcome addition to the furnace controls. 


This paper will be presented before the Seventh Annual 
Electric Furnace Steel Conference, Dec. 8-10, Pitts- 
burgh. 

C. B. Post is metallurgist and D. G. Schoffstall is melt- 
shop metallurgist, Carpenter Steel Co., Reading, Pa. 
The authors gratefully acknowledge the cooperation of 
C. C. Wilson, Melting Supt., Carpenter Steel Co., and 
Harold Mead, Leeds & Northrup Co., Philadelphia, and 
the encouragement of J. H. Parker, Chairman of the 
Board, F. R. Palmer, President, and B. H. DeLong, Vice 
President, Carpenter Steel Co., without which this work 
would not have been possible. 


In presenting this paper, for subsequent discus- 
sion, temperature measurements in electric are fur- 
naces, the authors are aware that each shop pre- 
sents its own particular practices; consequently, 
several different methods of measuring tempera- 
tures at the furnace are in use at the present time. 
Each method may have its advantages in any one 
shop, and whether any method is. so universal in 
its scope to serve best in all shops is an open ques- 
tion. The most this paper can do is to summarize 
experience at Carpenter with the optical pyrometer 
(1926-1947), the immersion thermocouple (1946- 
1948) and the present standard method, the Leeds 
& Northrup immersion rayotube. 

The Optical Pyrometer: The optical pyrometer 
has done valuable work for the steel industry for 
a number of years. In its present form it can still 
yield worthwhile temperature measurements in the 
hands of a competent operator. Its main use is at 
tap where a valuable, worthwhile reading can be 
obtained on the concave side of the stream. Pro- 
vided the stream is clear and the operator is com- 
petent, and the instrument is in good calibration, 
a “relative” temperature can be recorded for the 
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temperature of the heat. One of the main diffi- 
culties is to obtain an image of stream which is 
free from oxide streaks or films which will affect 
the readings, and it is here that the instrument 
requires considerable experience and discrimina- 
tion on the part of the operator. Because of this 
large inherent error in the instrument and oper- 
ator, correlations of tapping temperatures and 
some variable such as percent yield in prepared 
billets, or porosity, require a considerable number 
of heats to be averaged before a trend can be rec- 
ognized on an average basis. 

The optical pyrometer can be used to obtain tem- 
peratures before tap, but the method is of ques- 
tionable use because of emissivity effects and the 
amount of labor involved. A large spoonful of 
metal, say 30 lb, is taken from the bath and several 
readings on the stream are taken with the pyrom- 
eter as the spoon is slowly poured on the floor. A 
stop-watch is used to time the operation from the 
time the spoon is taken through the door, or from 
the bath, and the time of each temperature reading 
is recorded. If the temperature readings are plotted 
against time, then an extrapolation to zero time 
will yield a reading for the temperature of the 
bath. This method has been used only on a few 
occasions, and its use on a routine basis would not 
be considered. 

The instrument can hardly be called a control 
instrument because the most useful readings are 
obtained at tap when the heat is going into the 
ladle. The optical pyrometer makes no distinction 
between different optical emissivities of high- 
alloy steels compared to lower alloyed carbon 
steels; consequently, each grade of steel must be 
standardized from its own data, and different 
grades of higher alloyed steel cannot be used to 
indicate approximately correct tapping tempera- 
tures for a new grade. The optical pyrometer also 
leaves unanswered the now important question of 
what was the course of temperatures in the heat 
before tap. As is well known, a heat brought up 
to tapping temperature during the very last stages 
of the refining period will exhibit differences in 
fluidity, cleanness, etc., compared to a heat brought 
to tapping temperature about midway during the 
refining period and soaked at this temperature 
until tap. 

The type of data obtained with the optical py- 
rometer readings at tap are illustrated in figs. 1, 
2 and 3. These three figures are constructed from 


Basic Arc Furnace 


many heats, preferably 25 to 50. This averages 
out some of the variables and inherent errors in 
the optical pyrometer and operators. 

Fig. 1 shows tapping temperatures plotted 
against percentage prepared billet yields (curve A), 
the expected percentage of heats showing dirty 
tops on disk inspection (curve B), and the expected 
percentage of heats showing pipe on disk inspec- 
tion (curve C) for two grades of steel, SAE 6120 
and 0.90C-1.75 pct Mn oil-hardening steel. Fig. 3 
shows sculling temperature for low-alloy steels as 
dependent upon carbon content. In constructing 
figs. 1 and 2, the prepared yields, etc., were aver- 
aged for all the heats falling within a 10°C range, 
say 1570° to 1580°C, to get the charts. The data 
apply to 10 in. square, 1000 lb ingots. The heats 
were 10 tons, tap weight. 

Platinum-Rhodium Thermocouple: In the last 
few years, considerable work has been done in try- 
ing to adapt the platinum-platinum rhodium ther- 
mocouple to determine the temperatures of the 
molten metal in basic electric arc furnace prac- 
tice.| At Carpenter there had been some experi- 


1“A4 Method for the Determination of Bath Tempera- 
tures,” L. F. Weitzenkorn, AIME Electric Furnace Steel 
Proceedings, 1944. 


ence with a commercial version of this thermo- 
couple equipment, although probably not as ex- 
tensive as those shops using this method in a rou- 
tine manner. The platinum-platinum rhodium ther- 
mocouple has been found to give reproducible re- 
sults with an error of plus or minus 10°C. 

The main reason for investigating the use of the 
thermocouple was to obtain readings before tap, 
so that the melter could come up to tap with a 
good deal of certainty that he would hit the cor- 
rect tapping temperature and also follow a pre- 
scribed course of temperatures during the refining 
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by C. B. Post and D. G. Schoffstall 


A) SEISSE method for giving the melter an accurate bath 

temperature reading at any time during the course of a heat 
enables him to master one of the most important variables in basic 
electric steelmaking. Here, the authors describe the modification 
and application of the immersion Rayotube, the result being a rugged, 
accurate and low-cost method for consecutive bath readings. 


period. The platinum-platinum rhodium thermo- 
couple was not found to answer to this require- 
ment. In the way the instrument was used, the 
conviction grew that several operating features of 
this type of instrument made it difficult to take 
readings throughout the course of a heat for rou- 
tine control. 


In the first place, the head of the thermocouple 
is subjected to the full heat of the furnace for 
about 30 to 40 sec, which is a relatively long time 
for the thermocouple head refractories to stand up 
under this heat. There is considerable labor in- 
volved in keeping the thermocouple head calibrated 
and in repair. At the very least, the head will 
require replacement of the silica tube and adjust- 
ment of the platinum wire after each reading. Gen- 
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Fig. !-—Effect of tapping temperature on probable yield 
(ingot to billet weight) and occurrence of scull ladles and 
slag in disk inspection. SAE 6120. 
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erally, only one reading was possible on each heat, 
at tap, because of the larger number of spare heads 
required if more than one reading per heat is at- 
tempted. It was estimated that six men would be 
kept busy repairing thermocouple heads around 
the clock if three readings were taken on each 12- 
ton heat from four electric arc furnaces, tapping 
on the average four heats per furnace per day. 
Sufficient routine work with the immersion ther- 
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Fig. 2—Effect of tapping temperature on probable yield 

(ingot to billet weight) and occurrence of scull ladles, slag 


and pipe in disk inspection. Oil-hardening tool steel, 0.90C 
and 1.75 Mn. 10-in. ingots. 


mocouple lead to a realization of its inherent diffi- 
culties when more than one temperatuure reading 
is desired on each arc heat. There may be ways 
of overcoming some of the difficulties by modifica- 
tion of the above design of thermocouple and such 
methods would be of good value in the literature 
on this subject. 

The Immersion Rayotube: The “Immersion Rayo- 
tube,” hereafter called the “blowpipe” has been 
used with success in the openhearth. Here the 
“wild” condition of the metal in the hearth enables 
the heavy-walled pipe to be plunged into the bath 
with no harm other than some adhering metal 
which is easily stripped from the tube. In the basic 
are furnace, however, the highly deoxidized metal 
and the reducing slag cause severe erosion of the 
pipe and welding of the metal to the extent that 
considerable experimentation was necessary to 
adapt the blownipe to electric arc melting. 

These modifications of the blowpip. for use in 
basic electric arc melting and the comparison of 
the modified blowpipe against the platinum-plati- 
num rhodium thermocouple temperatures will be 
described along with some brief notes on its use 
in basic electric furnace practice. 

Description of Instrument: The Immersion Rayo- 
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tubes: are the standard “‘blowpipes” of the Leeds 


:“4 Radiation Pyrometer for Open Hearth Bath Mea- 
surements,” H. '. Clark and S. Feigenbaum, Metals 


schematic sketch of the blowpipe and the method 
of using it is shown in fig. 4. The tube is used in 
conjunction with a Leeds & Northrup Speedomax 
recorder. 

The Rayotube unit of the blowpipe is kept in 
standardization by means of a “checking” unit 
supplied by the Leeds & Northrup Co. The “check- 
ing’ unit is a closely calibrated Rayotube assembly 
which, when clamped onto the “blowpipe” unit, 
allows the “blowpipe” to be brought into compari- 
son with the “checking” unit. When the two in- 
struments are “sighted’’ on the same hot body 
(furnace-wall, banks, or electrodes), the adjust- 
ment is such that any factor which will cause low 
readings on the immersion Rayotube (dirty win- 
dow, etc.) will be compensated by increasing the 
voltage output of the Rayotube in the blowpipe 
when compared to the standard Rayotube sighted 
on the same body. 

In the set-up at Carpenter, dry nitrogen is used 
instead of air as in most openhearth installations. 
Dry nitrogen gas was available at all are furnaces 
for other purposes, and it was thought at the be- 
ginning that dry air would have some effect on the 
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Fig. 3—Sculling point of alloy steels depending on carbon 
content determined by the optical pyrometer. 


standardization of the instrument when high-alloy 
steels were compared to low-alloy due to exothermic 
reactions at the face of the “bubble.” This was 
never substantiated in the case of air, but it is 
known that high and low-alloy steels all read vir- 
tually the same with dry nitrogen. 

The amount of nitrogen consumed on each read- 
ing is about 70 cu ft. The nitrogen is brought to the 
furnace at 125 psi, in 114-in. diam main line pipes. 
Trailers of dry nitrogen of 10,000 cu ft capacity at 
2000 psi supply the main lines. Fig. 5 shows a 
schematic drawing of the nitrogen lines to the blow- 
pipe unit at the arc furnaces. The flow regulator as 
supplied with the equipment will open wider if the 
mcoming pressure drops, and will tend to keep a 


constant volume of nitrogen flowing into the blow- 
pipe. A constant pressure regulator set at 80 psi is 
put in the line between the flow regulator and the 
shut-off valve on the 125-lb pressure line to prevent 
the flow regulator from bleeding the whole nitrogen 
system. 

Protection of the end of the blowpipe in reduced 
baths: The main problem connected with the use 
of the blowpipe in basic electric are furnaces is 
the protection of the pipe from the rapid cutting 
action of the highly deoxidized metal and the re- 
ducing slags. 

The protection was first accomplished by using 
a heavy cardboard tube over the outside of the 
pipe as shown in fig. 6. The cardboard proved to 
be excellent protection for the tube except at the 
very end where “stickers’’ would frequently weld 
to the metal of the blowpipe. 

Readings were made with the cardboard protec- 
tion sheath. This practice, however, led to low 
results when compared to thermocouple readings. 
The reason for these low readings remained ob- 
scure for a considerable time. Persistent and de- 
tailed analysis of the situation led to the conclu- 
sion that smoke from the cardboard tube, which 
at that time projected over the end of the metal 
tube, was being blown into the “bubble” with the 
result that the rayotube was seeing a low tempera- 
ture due to the fog. 

Successful temperature readings were accom- 
plished finally by using a graphite “head” on the 
blowpipe as shown in fig. 7. Good blowpipe v. ther- 
mocouple readings were obtained immediately when 
using a graphite-tipped pipe, the pipe still being 
protected by a heavy cardboard tube. Further, 
there was relief from the very serious problem of 
“stickers” since little or no molten metal adheres 
to the graphite. 

The arrangement adopted is shown in fig. 7, il- 
lustrating the manner of machining the end of the 
blowpipe to receive the graphite insert which is 
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Fig. 4—Method of using the blowpipe. 


screwed onto the pipe. The graphite section is 2% 
in. long, with the inner face threaded for 1 in, 
eight threads per inch. The contour of the inner 
surface of the blowpipe is maintained to close toler- 
ances to provide a metal support for the insert. 
A detailed drawing is shown in fig. 8. 

Graphite heads are interchangeable on all blow- 
pipes. The melter unscrews the graphite head after 
each reading and replaces it at once from a bank 
of about a dozen kept with each blowpipe. Care 
is taken to see that the outside cardboard tube does 
not come quite to the end of the graphite head. 
About 40 of these heads can be cleaned up and kept 
in condition in the course of several hours by one 
man who services the instruments. This repair 
work consists in removing globules of metal and 
coating the end of the heads with graphite cement. 

When using the blowpipe, the pipe is inserted 
through a hole in a large plate suspended at the 
furnace door. In this manner, the operator is fully 
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protected from splash, and he also has support 
for the pipe, the temperature being read much the 
same as through a wicket-hole in the openhearth 
furnace. ; 

Calibration of immersion Rayotube with plati- 
num-platinum-rhodium thermocouple: Immersion 
rayotube readings, followed directly by platinum- 
platinum-rhodium thermocouple readings, were 
used to check the calibration of the Rayotube. The 
thermocouple goes into the metal bath for a depth 
of approximately 8 in., closer to the electrodes than 
the banks. The bath was always rabbled before 
starting temperature readings, and care was taken 
to make all temperature readings at least 144 hr 
after any alloy addition and about 11% hr after the 
ferrochromium addition to stainless steel. 

The distribution of temperature differences 


Fig. 7—Rayotube and graphite insert. 


(°C Rayotube v. °C thermocouple) is shown in 
fig. 9. It is apparent that the spread between the 
blowpipe and the thermocouple is not greater than 
+20°C. Actually, 62 pct of the readings (47 read- 
ings) fell within +10°C deviation. The following 
table shows the distribution of the data in fig. 9. 


Range of Deviation No. of Pct of 
Blowpipe v Thermocouple Reading's Readings 
0 to +10 14 30 
+10 to +20 8 Uh 
0 to —10 ae a2 
—10 to —20 10 PAN LD 
ra 


No difference has been noticed when reading 
different types of alloys. The above data were 
obtained on low-alloy steels of various carbon con- 
tents, chrome-iron stainless and chrome-nickel 
stainless steels. When using nitrogen, the calibra- 
tion setting on the Speedomax recorder is 100°C 
lower than when using air through the blowpipe. 

When the blowpipe is equipped as described 
above, the instrument can be used to obtain con- 
secutive readings on a heat of steel in such a man- 
ner that the melter can control his heat within 
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prescribed limits. The type of information which 
can be obtained on individual heats is shown in 
1S Some () lal eee cele 

The reproduction of blowpipe readings in the 
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Fig. 9—Blowpipe v. thermocouple readings. 
same molten bath, and also the character of read- 


ings obtained on various types of steel, blowpipe 
v. thermocouple, are shown in the following table: 


Thermocouple 

Stock Blowpipe Readings Readings Optical 

AISI 414 #1 Blowpipe 1631 1615 1615 
#2 Blowpipe 1632 

AISI 430 #1 Blowpipe 1595 1610 1624 
#2 Blowpipe 1593 

AISI 302 #1 Blowpipe 1558 1566 1615 
#2 Blowpipe 1564 

Vega Tool #1 Blowpipe 1560 1570 1579 
Steel #2 Blowpipe 1550 

Li10' Pet: CF 1 Blowpipe 1525 1537 1568 


Tool Steel #2 Blowpipe 1535 


a 


Each group of readings was taken in the same 
bath within a 5-min period before tap and the 
optical readings were made at tap. 

Figs. 10 and 11 show the log and temperature on 
two heats of 52100 alloy steels. It is apparent 
that here we have two heats of the same stock 
melted under widely different temperature condi- 
tions. The possibilities that are suggested in estab- 
lishing melting controls in respect to time of heat, 
kilowatt consumption, and temperature control with 
its various metallurgical aspects are quite clear. 

On 100 pct disk inspection, the two heats of figs. 
10 and 11 showed the different characteristics as 
follows: 


Heat A, fig. 10, 48 billets, 11 recuts, 8 billets 
scrapped on account of dirt, 77.3 pct billet yield. 


Heat B, fig. 11, 46 billets, 3 recuts, all billets clean; 
79.6 pet billet yield. 

Fig. 12 shows the temperature and melting log 

for a heat of low-carbon, low-alloy steel in which 
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a different magnitude of temperatures may be ex- 
pected than on the previous type of alloy shown. 
In this type bath, it may or may not be desirable 
to melt down about 1600°C and maintain a high 
temperature throughout the heat, as is shown in 
the chart. It is on such problems as this that the 
blowpipe can be uSed to advantage for both experi- 
mentation and routine control. 


Conclusions: The immersion Rayotube has been 
modified and applied to basic electric arc furnace 
melting. A graphite insert on the end of the blow- 
pipe enables the instrument to be used for consecu- 
tive readings in the furnace bath without any 
unusual labor and maintenance. 

The blowpipe has been calibrated with the im- 
mersion thermocouple to within +20°C. The im- 
mersion thermocouple has an error of at least 
+10°C. and this means that the blowpipe has an 
error at the greatest of +-10°C, and probably 
smaller. It has been shown that little, if any, dif- 


i 


1600 


SiS ee a eee 


nn 
isa) 
oO 


a 


Blowpipe temperature, °C 
Oo 
Nm 
wn 


No./ test Cr 038 P 0022 Cr 065 Ni O/4 


Q 
I'S 
& 
& & Se 
& 8 &s 
> % dy 
1500 lace rv ES 
s icy AS 
XD = X 
N e Se 
% © R x 
1475 ES c Ps os 
Sx ere 
SS SSS ee 
eR 4 Ges Vb nS 
1450 
Poweron thr 2hr 3hr 4hr Shr 
Time 


Fig. |0—Heat "A", 52100 steel. Optical at tap = 1573°C.. 


ference exists when reading a wide range of alloys, 
and that dry nitrogen can be used in place of air 
if the recording device is compensated by —100°C. 

The instrument appears to be rugged and yet 
simple in application requiring no skilled personnel 
in its operation. The immersion rayotube is an in- 
strument for temperature control in melting high- 
grade basic electric steels. The instrument enables 
any number of readings to be taken during the 
course of a heat by the melter with reproducible 
results. 

The cost per reading when using the modified 
blowpipe in the arc furnace can be listed approxi- 
mately as follows: 


70 cu ft of nitrogen = 46¢ 
One cardboard sleeve = O8¢ 
Graphite head per reading = O06¢ 

(10 readings per head) 
Total = 60¢ 
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Quality of 


Oxygen-Decarbonized 


Acid Electric Steel 


HIS investigation is reported in an attempt to 
clarify and expand on a previous paper.” The 
use of high-purity oxygen for the purpose of decar- 
bonization of heats of steel has been widely dis- 
cussed in the past. For the most part, however, 


discussions have dealt chiefly with the economics 


of oxygen versus ore practices. Little has been 
said about the quality of oxygen-decarbonized steels 
because, no further thought has been given the 
subject once an oxygen practice has proved more 
economical than the former ore practice and has 
not adversely affected the quality of the steel as 
compared with that obtained by the old ore practice. 

It is advantageous, however, to investigate the 
oxygen practice more fully once the initial practice 
has been made standard. Much thought should be 
given to closer control of the many variables in the 
furnace practice in an effort to analyze their effect 
on the quality of the finished heat. 


‘Use of High-Purity Oxygen for Decarbonization in 
Five-Ton Acid Electric Furnaces, by Clyde Wyman, 
Charles A. Faist and Edmund J. Goehring, Proc. Elec- 
tric Furnace Steel Conf. (1948) 154. 


This paper will be presented at the Electric Furnace 
Steel Conference, Pittsburgh, Dec. 8-10, 1949. 


Charles A. Faist is a research member under the direc- 
tion of the metallurgy department, and Clyde Wyman 
is chief metallurgist, Burnside Steel Foundry Co., 
Chicago. 


Buruside Steel Foundry Co. proceeded along this 
line of reasoning shortly after a standard oxygen 
practice had been adopted in the spring of 1948. It 
was felt that much could be learned from determina- 
tion of the degree to which each variable in stand- 
ard practice influenced the physical properties of the 
steel. It was also thought that, should a correlation 
be found between various metallurgical factors and 
quality, a control of these variables could be insti- 
tuted to provide for a greater uniformity in quality 
and saving in cost of the produced heat. 

Primarily the investigation was formulated into 
two distinct phases. The first was to deal with the 
investigation of all individual variable factors of the 
heat, to determine whether or not each separate 
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by Charles A. Faist 
and 
Clyde Wyman 


factor had any marked influence on the quality of 
the steel. The second phase was proposed to de- 
termine the effect of various additional factors 
that most markedly influenced the economics of the 
heat. 

It was believed that, through correlation and 
analysis of the results of both phases of the investi- 
gation, a program could be worked out for quality 
control of oxygen-decarbonized heats. : 

Phase I — Investigation of Metallurgical Factors 
Affecting Quality: The investigation of factors in- 
fluencing quality was begun by systematically col- 
lecting data on more than 600 oxygen-decarbonized 
heats of steel. These factors included concentra- 
tions of carbon, silicon, and manganese at meltdown 
as well as after oxygen injections; melting rate, 
charge weight, heat time, power consumption, in- 
jection time, oxygen volumetric rate, rates of car- 
bon, manganese, and silicon removal, percentage 
FeO and MnO in meltdown and final slags, tempera- 
ture of tap, physical, and chemical properties, and 
so forth. 


Many of these data were constantly available 
from the standard furnace heat sheet or from chem- 
ical and physical laboratory records. In some in- 
stances certain phases of the investigation required 
special forms for accumulation of data. 


Actual analysis of the effects of various metal- 
lurgical factors was begun by plotting average 
values of large numbers of heats. In each instance 
a single factor was systematically plotted against 
average values for all other factors involved in 
standard practice. Mass plot was used where the 
initial plot of averages showed no marked trend. 
(Mass-plot methods tend to strengthen an indistinct 
trend by creating, through density of points, a 
readily discernible band if such a trend exists.) 

Insofar as degree of influence was concerned, it 
was very surprising to find that only a small per- 
centage of the total number of factors investigated 
had a relatively pronounced effect on the general 
quality and economics of the heat and for graphs on 
which plotted points fell completely “out of bounds” 
these points were eliminated. In these instances, it 
was deduced that the nonconforming intercept 


points were due to the influence of factors other 
than those being plotted on the graph in question. 

Analysis of Charts: From the initial graphical 
analysis, it was seen that the quality of the steel 
was largely influenced by the following principal 
factors 

(1) Meltdown carbon concentration. 

(2) Melting rate. 

(3) Total points of carbon removal. 

(4) Rate of carbon removal. 

(5) Meltdown silicon concentration. 

(6) Percentages of FeO, MnO and SiO: in final 
slag. 

(7) Ratio of acid to basic constituents in final 
slag. 

(8) Percentage residual aluminum (tota!) 

(9) Percentage manganese recovery (based on 
additions). 

(10) Time of heat (power on to power off). 

(11) Tapping temperature. 

The plotted coordinate points on the charts rep- 
resent average values for large numbers of heats. 
Where only a few points are shown, each point rep- 
resents some 50 or 60 heats. When many coordi- 
nate points are shown, each point represents an 
average value for four to six heats. No attempt was 
made to classify the factors according to specific 
types of heat analysis; a composite picture is pre- 
sented for steel analyses in general. It must be re- 
membered, in dealing with an analysis of any melt- 
ing process, that all the innumberable variables con- 
stantly exert their influence on bath conditions. 


W HAT are the metallurgical factors influencing quality of oxygen-decar- 
bonized acid electric steel? There have been many discussions of the 
economics of oxygen v. ore practices, but here is the first determination of 
the degree to which each variable in standard oxygen practice influences 
the physical properties of the steel. This paper may arouse some contro- 
versy, but thereby a great deal of free thinking can be stimulated. 


This must be borne in mind when studying the 
trends indicated on the graphs. Interest in specific 
values on these charts is not of so much importance 
as is the trend indicated, since in all instances the 
slope of any particular curve is influenced by the 
uncontrollable variables. If, however, a trend is 
discernible when plots are made, this trend must 
then be recognized as being the result of primary 
dependency of the two factors being plotted. 

Fig. 1 shows the plot of meltdown carbon concen- 
tration versus P-value. P-value is defined as by the 


equation: 
| Bm Chee Strength + 6 Red. as) 
1000 
5 


The trend indicates that the P-value slowly de- 
creases with increasing carbon concentration at 
meltdown. This trend is partially related to the 
melting rate. It is a known fact that melting rate 
increases with increased carbon content of the scrap 
because of the lower melting point of the latter. A 
correlation is derived by considering fig. 2 in con- 
junction with this curve. 

Fig. 2 shows the relationship existing between 
melting rate and P-value. As the melting rate de- 
creases, the P-value increases. Going back to fig. 1, 
it may be seen that higher carbon at meltdown 
adversely affects the quality because of the in- 
creased melting rate. 

The effect of the total amount of carbon removed 
during the oxygen injection on the P-value is shown 
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on fig. 3. As the amount of carbon removed in- 


creases, the P-value decreases. Possible explanation 
of this trend might be: (1) the heats in which larger 
amounts of carbon are removed might possibly be 
those in which the finished heat has a higher finish- 
ing carbon, or, (2) the heats in which larger 
amounts of carbon are removed may be those that 
have higher carbon, manganese, and silicon con- 
centration and, therefore, higher melting rates. 

When rate of carbon removal is plotted against 
P-value, as shown on fig. 4, a trend is noted in 
which P-value gradually increases with increase in 
rate of carbon removal. 

Since in oxygen practice the oxygen boil is the 
equivalent of the ore boil in ore practice, it would 
normally be expected that the rate of carbon re- 
moval would indicate the degree of the boil and the 
greater the carbon removal, the more mechanical 
“Doiling” action, and, subsequently, the cleaner the 
steel. 

Fig. 5 shows the influence of meltdown silicon 
on the P-value. In this, the P-value decreases 
rather abruptly as the meltdown silicon concentra- 
tion increases up to approximately 10 points. Above 
this concentration, the slope of the curve lessens. 
The oxidation of increasing amounts of initial silicon 
is related to the build up of SiO: in the slag to higher 
values than would normally exist if this initial sili- 
con concentration were lower. This graph confirms 
to some extent the melter’s desire to melt in with a 
low silicon concentration. A graph showing effect 
of SiO: in slag as it affects P-value will be shown 
shortly. 

Fig. 6 is very interesting because it does not fol- 
low in line with generally accepted concepts con- 
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cerning the effect of FeO content of the final slag 
upon quality. This curve was double checked, how- 
ever, and the trend indicated may be considered rep- 
resentative of the data accumulated. i. 

P-value increases steadily from a minimum at 
around 8 pet. FeO to a maximum between 11 and 
13 pet. FeO. After this maximum is reached, the 
P-value decreases steadily, with additional increase 
in FeO. 

It is generally accepted that fairly high oxide 
content in steels results in the formation of type I 
inclusions. In this type the sulphides are globular 
because of their relatively low solubility. By in- 
creasing the oxide content of the steel a certain 
requisite amount during deoxidation, the solubility 
of the sulphide inclusion is increased to a point 
where the sulphides are eventually precipitated in 
the grain boundaries. This is the detrimental type 
TI inclusion. 

Addition of deoxidizing agent over and above that 
required to deoxidize the steel will result in the 
formation of complex, low-solubility sulphides 
known as type III. Since type III inclusions are 
angular and form within the grain, they are not 
detrimental. Just how this curve ties in with low 
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Fig. 3—Effect of carbon removal on P-value. 


P-value in the upper FeO ranges is not readily 
explained. 

The next graph, fig. 7, shows the influence of SiO: 
and MnO contents of the final slag on the P-value 
of the steel. Although the curve shows that varia- 
tion of SiO: content has very little influence, there 
is a very slight trend toward increase in P-value 
with decrease in SiO: concentration. There is, per- 
haps, a tendency for the higher SiO: content in the 
finishing slag to strive for attainment of equilibrium 
conditions should the FeO and MnO (the basic con- 
stituents) be abnormally low. This condition might 
manifest itself in subsequent reduction of silica 
followed by the return of silicon to the bath, par- 
ticularly at the higher temperatures attained in 
finishing the heat. 

The MnO curve shows a marked increase in Pp- 
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Fig. 4—Effect of rate 
of carbon removal on 
P-value. 
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value with a decrease in MnO content in the final 
slag. Lower MnO values appear to indicate that 
higher manganese recoveries should be expected, 
since MnO in the slag is an indication of manganese 
oxidation in the bath. 

Since each of the slag constituents FeO, SiO: and 
MnO may be classified as acid or basic in nature, and 
since a trend was found to exist when each was 
separately plotted against P-value, it was thought 
that a ratio of acid to basic constituents could be 
plotted against P-value to further clarify the in- 
fluence of slag acidity or basicity on quality. 

Fig. 8 shows that with increase in the 
relative acidity ratio (defined: Relative Acidity = 

% SiO: 
% FeO + % MnO) the P-value increases. CaO, also 
a basic constituent, was not considered, since its 
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Fig. 5—Effect of meltdown silicon on P-value. 


14 15 16 


FeO in final slag, pct 


concentration in an acid slag is usually too small to 
have any effect on this ratio. 

It appears that the P-value is highest for relative 
acidity values of about 3, since the curve levels off 
at that point. 

Normally, there is a variation of approximately 15 
to 20 pet. for SiO. during the heat. On the other 
hand, FeO changes markedly. MnO changes a mod- 
erate amount. The chief variable, however, is FeO. 

On the basis of these slag curves, it would appear 
that proper slag control should go far in producing 
a heat of uniform quality and also of higher quality. 

Fig. 9 shows that as percentage of manganese 
recovery increases the P-value also increases. (The 
term “manganese recovery” as used here is based on 
additions made; it is not calculated from initial 
manganese concentrations.) It appears that man- 
ganese recovery is related to the degree to which the 
processes of oxidation were carried out during 
‘refining, and also to the degree of deoxidation to 
which the bath was subjected. 

By analysis of the curves for manganese recovery 
and percentage of MnO in the final slag, an indica- 
tion of degree of oxidation and deoxidation during 
the heat should be found. 

Fig. 10 shows that a trend is established wherein 
_ the percentage residual total aluminum in finished 
steel is plotted against P-value. With increased 
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Fig. 7—Effect of percentages of SiO: and MnO of final slag 


on P-value. 
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residual aluminum, an increase in P-value is estab- 
lished. It appears that the relationship is a straight- 
line function within the limits of this graph. Unfor- 
tunately, not enough heats were available to extend 
the extremes of the graph with any reasonable cer- 
tainty that a correct plot would be made. It is 
apparent, however, that a more thorough deoxida- 
tion of the steel is found in the higher ranges of resi- 
dual aluminum. 

Fig. 11 shows that tapping temperature appears 
to have no appreciable influence on the P-value until 
temperatures above 3200°F are reached. After this 
temperature is exceeded, the P-value decreases 
sharply. All temperatures recorded on the data 
sheets for this graph were made using a Leeds- 
Northrup optical pyrometer and may have been 
slightly inaccurate. The variations should be 
averaged out, however, because of the large number 
of temperature readings taken, and the trend, there- 
fore, should be representative. 

Fig. 12 shows that with increase in the time of 
heat, a trend toward increase in P-value results. 
This appears as would normally be expected and 
probably follows from the fact that all variables 
are allowed time enough to approach conditions of 
optimum effectiveness and equilibrium. 


Summary of Phase I: From the study of the vari- 
able factors as far as they affect the quality of the 
steel, the following summary is: made. Graphic 
analysis of data indicates that P-value: 

(1) Decreases with increase in meltdown carbon 
concentration. 

(2) Increases as melting rate decreases. 

(3) Increases as points of carbon removed de- 
crease. 

(4) Increase as rate of carbon removal increases. 

(5) Decreases with increase in meltdown silicon 
concentration. 

(6) Increases to maximum and then decreases 
with increase in percentage of FeO in final slag 
(Maximum between 11 and 13 pct.). 

(7) Increases slightly with decrease in percen- 
tage of SiO» final slag; increases markedly with 
decrease in percentage of MnO final slag. 
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Fig. 9—Effect of percentage of manganese recovery on 
P-value. 
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Fig. 10—Effect of percentage of residual aluminum on 
P-value. 
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Fig. 1|—Effect of tapping temperature on P-value. Temper- 
ature measured with L. and N. optical pyrometer. 


(8) Increases with increase of relative acidity of 


final slag. 


(9) Increases with increase in percentage of 


Mn recovery (based on addition). 


(10) Increases with increase of residual total 


aluminum. 


(11) Remains constant with increase in tapping 
temperature until 3200°F is reached, whereupon P- 
value decreases abruptly. 

(12) Increases with increase in time of heat. 
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Fig. 12—Effect of time 
of heat on P-value. 
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Phase Il—Investigation of Metallurgical Factors 
Affecting Economics of Heat: To further study the 
oxygen-decarbonized heat, it was decided to find 
a correlation between all metallurgical variables 
that would directly or indirectly influence the cost of 
the heat. 

The major items of cost to be considered were 
power consumption and oxygen consumption. In 
normal practice and with proper control, the major 
factors involved in determining the power consump- 
tion would naturally be power necessary to com- 
pletely melt and reduce elemental concentrations of 
the scrap to the point where the heat specifications 
could be made. The assumption is made that the 
furnace is operating with its optimum weight of 
charge and that the power circuit is efficient. 

This being so, the meltdown concentrations of 
carbon, manganese, and silicon should be as fair 
indexes of the power consumption. In Burnside 
practice, the meltdown silicon concentration is low 
enough usually to be an incidental factor in consider- 
ation of power consumption. 

The result of a plot of manganese and carbon con- 
centrations at meltdown against power consumption 
per ton shown on fig. 13 indicates that power con- 
sumption decreases as manganese concentration 
increases. Since the oxidation of maganese is a 
strongly exothermic reaction, the heat generation on 
oxidation makes it possible to increase bath tempera- 
ture to the point where less electrical energy is 
necessary to sustain or increase bath temperature. 

The carbon curve shows that as carbon concen- 
tration at meltdown increases, the power consump- 
tion increases. The reason for this trend is not 
evident. It is possible that on every high meltdown- 
carbon heats the manganese and silicon concentra- 
tions are too low to provide sufficient heat to initiate 
the high-temperature carbon reaction, with the re- 
sult that the eventual decarbonization takes place at 
a slower reaction rate. This retardation may re- 
quire a longer decarbonization period—a period 
during which the power is off. Because of slow 
reaction rates, the heat of reaction may not be suffi- 
cient to make up for all the thermal losses during 
the power-off period and therefore might result in a 
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lower temperature at the end of injection than would 
normally be expected with a higher rate of reaction. 
This temperature would have to be brought up 
through subsequent power input, thus increasing 
power consumption. 

In analyzing the effect of various factors on cost 
of oxygen, it was proposed to plot the variables 
against oxygen consumption. The factors included 
a graphical study of meltdown carbon and man- 
ganese concentrations, percentage of FeO in melt- 
down slag, charge weight, effect of oxygen-gas 
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Fig. 13—Effect of meltdown carbon and manganese concen- 
tration on power consumption. 
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Fig. 14 —Effect of meltdown carbon and manganese concen- 
tration on oxygen consumption. 
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velocity, effect of size of orifice in lance pipe, effect 
of meltdown carbon and manganese concentrations 
on the rate of carbon removal, and, lastly, the effect 
of reaction time on oxygen consumption. 

When on fig. 14 meltdown carbon and manganese 
concentrations at meltdown are plotted against 
oxygen consumption, it can be seen that oxygen con- 
sumption increases with increases in both carbon 
and manganese concentrations. The carbon curve 
shows no appreciable increase in oxygen consump- 
tion until the rangs of 35 to 40 points of carbon is 
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Fig. 15—Effect of FeO content in meltdown slag on rate of 
carbon removal and oxygen consumption. 


reached. Thereafter the consumption increases 
steadily. These curves appear logical, since it would 
be expected that more oxygen would be required the 
higher the initial concentration of these elements. 

When a graphical analysis is made on the FeO 
in the meltdown slag, as it affects the rate of carbon 
removal and oxygen consumption, the trends shown 
on fig. 15 are indicated. 

Oxygen consumption decreases as meltdown FeO 
in the slag increases. As would be expected, the 
greater the oxidizing power of the slag, the less 
gaseous oxygen would be required to attain the 
requisite state of oxidizing power. 

The rate of earbon removal increases rapidly with 
increase in FeO content of meltdown slag. This 
follows because the rate of carbon removal is a 
function of high temperature and readily available 
oxygen. 

The trend taken by the curve in fig. 16 is very 
significant. The marked decrease of oxygen con- 
sumption with increase in weight of charge indicates 
the necessity of operating the furnace near its 
charge capacity if oxygen efficiency is desired. This 
curve is very similar to the trend taken by power 
consumption when plotted against weight of charge 
and is an important economic factor to be con- 
sidered. 

An important phase of the investigation covered 
the study of the effect of oxygen velocity and sizes 
of pipe orifice on the consumption of oxygen. These 
plots are shown on figs. 17 and 18. 

The graph of lance-pipe orifice velocity versus 
oxygen consumption shows a trend of decressed con- 
sumption of oxygen with increased velocity. Un- 
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doubtedly this is due to the increased impingement 
of the oxygen gas against the steel. As in most 
chemical reactions, this increased impingement of 
one of the reactants should accelerate the reaction 
and thereby serve to make it more efficient. From 
the practical outlook, however, there are precautions 
to be taken when higher and higher velocities are 
used. For all furnaces, depending on the geometric 
shape of the interior and the bath depth, there is a 
critical velocity that cannot be exceeded without 
running into the danger of severe bottom or bank 
erosion or extreme roof splatter. In our practice, 
this critical velocity appeared to be in the neighbor- 
hood of 260 to 265 fps. Four days operation in this 
range caused severe gouging of the furnace bottom. 

When the effect of various sizes of pipe diameters 
was studied, a plot showed that as lance-pipe orifice 
size increased the oxygen consumption increased 
(fig. 18). For various pipe diameters, a family of 
approximately paralled curves was obtained. This 
is, of course, another way of showing the data 
formerly shown on the velocity curve, since velocity 
is related to flowing pressure and orifice size. 
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Fig. 16—Effect of charge weight on oxygen consumption. 


Since it was observed in phase I of the investiga- 
tion that the rate of carbon removal had a marked 
effect on the P-value, it was thought advisable to 
determine the effect of meltdown carbon and man- 
ganese concentrations on the rate of carbon removal. 
This is shown on fig. 19. It was observed from the 
graph that as carbon concentration increased the 
rate of carbon removal increased rapidly to a maxi- 
mum and then leveled off. 

As the meltdown manganese concentration in- 
creases, the rate of carbon removal decreases, since 
the manganese holds preference over carbon in nor- 
mal order of oxidation, particularly at the lower 
temperatures encountered at the start of the oxygen 
injection. However, as the oxidation of manganese 
progresses, this strongly exothermic reaction actu- 
ally accelerates the rate of carbon removal. Experi- 
ence has shown that this beneficial effect is encoun- 
tered when the manganese concentration reaches a 
range of from to 35 to 45 points of manganese. The 
carbon and manganese curves intersect each other 


within this range, thus locating the approximate 
optimum meltdown manganese and carbon concen- 
tration for the most desirable rate of carbon 
removal. 

A good index for the efficiency of oxygen con- 
sumption is found in the visible carbon flame during 
the injection (fig. 20). Since the carbon flame is 
characteristic and distinct, it becomes relatively 
simple to observe during the injection. If the carbon 
flame appears very shortly after the start of oxygen 
injection, it indicates that favorable oxidizing con- 
ditions are present and that the bath temperature 
is high enough to initiate the carbon reaction. Slow- 
starting carbon flames indicate that oxidizing condi- 


5 48 


tion, 
per 


| 
Each point =/5 heats 


é 


—— 
Damage due to 
refracrories 


len consum 
per point 


% 


4.0 
200 210 220 230 240 250 260 270 280 290 


Velocity of oxygen at orifice, fps 


Ox 
cuf 


Fig. 17—Effect of oxygen impingement velocity on oxygen 
consumption at constant pressure and volumetric rates. 
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Fig. 18—Effect of pipe-orifice size on oxygen consumption, at 
constant volumetric rate. 


tions are not favorable, or that the bath is too cold 
for an efficient oxidation of carbon. 

By “unfavorable oxidizing conditions” is meant a 
deficiency of injected oxygen, too low an oxygen 
pressure (or velocity), too cold a bath, a low FeO 
content in slag and bath, or perhaps an abnormally 
high manganese concentration or silicon concentra- 
tion at meltdown, or both. 

If the percentage of the total injection time dur- 
ing which the characteristic carbon flame was ob- 
served is plotted against the amount of oxygen con- 
sumed, it is found that as the percentage of carbon 
flame time increases the oxygen consumption de- 
creases and approaches the theoretical value of 100 
pet oxygen efficiency. This value is 3.2 cu ft O2 per 
ton-point carbon removal. This efficiency is not an 
easy mark to attain, since at any particular time 
elements other than carbon are being oxidized. 
Also, much of the O: comes from the FeO present 
prior to the injection of gaseous oxygen. 


Summary of Phase II: A summary of the effects 
of variables on the economics of the heat can be 
made as follows: 

(1) a—Power consumption increases as the melt- 
down carbon concentration increases. 

b—Power consumption decreases as the meltdown 
manganese concentration increases. 

(2) a—Oxygen consumption increases as melt- 
down carbon concentration increases. 


b—Oxygen consumption increases as meltdown 
manganese concentration increases. 

(3) a—Rate of carbon removal increases as per- 
centage of FeO in meltdown slag increases. 

b—Oxygen consumption decrease as percentage 
of FeO in meltdown slag increases. 

(4) Oxygen consumption decreases as the weight 
of charge increases. 

(5) a—Oxygen consumption decreases as the ori- 
fice velocity of O: increases. 

b—Oxygen consumption increases as the orifice 
diameter increases. 

(6) a—Rate of carbon removal increases as melt- 
down carbon concentration increases. 

b—Rate of carbon removal decreases as meltdown 
manganese concentration increases. 

(7) Oxygen consumption decreases with increase 
in percentage of total reaction time. 


Analysis of Results of Investigation (Phases I 
and II: Before a summary of the results of the 
graphical analyses of phases I and II can be made, 
it must again be stressed that the results obtained 
are based entirely on the results of data accumu- 
lated. The charts are all representative of averages 
for 600 to 700 heats. Some of the plotted results 
indicate trends that are not in line with normally 
expected or established concepts and are not readily 
explainable in the light of present theories. It must 
be remembered that much is yet to be understood 
about the actual chemical actions and reactions 
going on during the making of a heat. This applies 
both to the bath and to the slag. No one theory sat- 
isfactorily explains all the phases of reaction and 
equilibrium conditions in the making of a heat. 

The purpose of this paper is to portray the actual 
heat data in graphic form so that it may be consid- 
ered for analysis in future control work. Just why 
some of the curves conform as they do is a job for 
the analyst. It is recognized also that controversy 
will be aroused, but if free thinking can be stimu- 


10 


iS iS 3 o 


nN 
oS 


Rate of carbon removal,ton-points per minute 


Range of meltdown carbon and manganese, points 


Fig. 1 9—Effect of meltdown carbon and manganese concen- 
tration on rate of carbon removal. 
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lated, this paper will have accomplished one of its 
secondary aims. 

It must be recognized that an enormous number 
of data must be used in calculation in arriving at 
values to be plotted. In many instances, many man- 
hours were consumed in plotting innumerable co- 
ordinate points on graphs that when finished showed 
no correlation whatsoever and as a result could not 
be used. 

In order to simplify the graphical analysis, a list 
of the various metallurgical factors is given below. 
For each factor an optimum value is finally given, 
which represents the best overall value when con- 
sidering its influence on all other variables with 
which it has been correlated. 


Influence of Meltdown Carbon Concentration: 


(1) Optimium P-value requires meltdown carbon 
to be 50 points or lower. 

(2) Optimum melting rate requires meltdown 
carbon to be less than 35 points. 


(6) Best overall value for manganese at melt- 
down is 40 points. ? 
Influence of Meltdown Silicon Concentration: 

(1) Optimum P-value requires silicon at melt- 


down to be less than 10 points. ’ 
(2) Best overall value for silicon at meltdown is 


minimum silicon. 
(3) Best overall rate of carbon removal is 8 


points per minute and over. 


Influence of Meltdown FeO in Slag: 
(1) Optimum rate of carbon removal requires © 
FeO content in slag of 45 pct and over. 
(2) Optimum oxygen consumption requires FeO 


content in slag of 45 pct and over. 
(3) Best overall value of meltdown FeO in slag 


is 45 pet and over. 


Influence of Final Slag Analysis: 
(1) Optimum P-value requires SiO: of less than 
55 pet. 
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(3) Optimum power consumption requires melt- 
down carbon to be 35 to 40 points. 

(4) Optimum oxygen consumption requires melt- 
down carbon to be less than 50 points. 

(5) Optimum rate of carbon removal requires 
meltdown carbon to be 40 to 50 points. 


(6) Best overall value for carbon at meltdown is 
35 to 45 points. 


Influence of Meltdown Manganese Concentration: 


(1) Optimum P-value—no correlation obtained. 


(2) Optimum melting rate—no correlation ob- 
tained. 


(3) Optimum power consumption requires melt- 
down manganese to be over 45 points. 


(4) Optimum oxygen consumption requires melt- 
down manganese to be less than 45 points. 


(5) Optimum rate of carbon removal requires 
meltdown manganese to be 25 to 35 points. 
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(2) Optimum P-value requires MnO of less than 
17 pct. 

(3) Optimum P-value requires relative acidity 
greater than 2.5 

(4) Best overall value for manganese recovery is. 
75 pet. 

(5) Best overall value for tapping temperature 
is below 3200°F. 

(6) Best overall value for total residual alumi- 
num is above 0.06 pct. 

(7) Best overall value for total heat time is above 
75 min. 

(8) Best overall value for weight of metallic 
charge is 4.9 tons and over. 

(9) Best overall value for oxygen-lance pipe di- 
ameter is 44 or 3% in. 

(10) Best overall value for oxygen gas orifice 
velocity is the highest velocity that does not exceed 
the critical velocity, which in turn is dependent on 
furnace design. 


These optimum values will vary somewhat, owing 
to the dependency of each factor on all other vari- 
ables encountered during the melting cycle. How- 
ever, these optimums indicate clearly that they may 
be used as starting points when an effort is being 
made to establish future controls. 

It cannot be stressed too frequently that no at- 
tempt was made to obtain exacting values from any 
particular chart. Only an indication as to the degree 
to which each factor was influenced was sought. 

Much work is yet to be done before some of the 
influences indicated graphically can be isolated to a 
higher degree and accurately analyzed. 

Many questions arise from time to time in the 
making of an oxygen heat as to causes for some 
apparently unexplainable peculiarities during the 
melting cycle. 

There are still phases of the investigation to be 
completed. At the present time, work is being done 
on the effect of cutting scale on the meltdown slag 
and bath conditioning. As is indicated on the 
graphs, a high meltdown FeO content in the slag is 
essential to a high rate of carbon removal; also, the 
bath temperature must be hot enough to initiate the 
oxidation of carbon reaction. In an attempt to raise 
the FeO content of the meltdown slag, conditioning 
of the slag with varying amounts of cutting scale 
was resorted to. A typical analysis of this scale 
shows approximately 53.3 pct FeO content. 

To start with, 14 lb of scale was added to each 
heat just after meltdown and when the heat was 
still almost cold. It was noted that no appreciable 
action, or reaction, took place. Next 20 lb of scale 
was added per heat. It appeared that as the tem- 
perature of the bath increased a well-defined reac- 
tion began when the carbon oxidation temperature 
was reached. This reaction manifested itself in an 
intermittent bubbling (CO bubble) through the slag. 

In this reaction an excellent yardstick for calcu- 
lating the correct time for initial oxygen injection 
was found. If injection was started prior to this 
initial scale reaction, a delay was experienced before 
the carbon flame appeared. On the other hand, if 
the oxygen injection was begun shortly after the 
initial scale reaction had begun, it was discovered 


that the carbon flame arose immediately and con- 
tinued to accelerate during the injection period. 

It also appears that a more uniform boiling action 
results after scale addition, but this, of course, is 
merely a visual indication. Much work still remains 
to be done on this particular phase before any sta- 
tistical information can be collected. 


At present much thought is being given to investi- 
gation of temperature on various metallurgical fac- 
tors and bath conditions. This phase would neces- 
sarily involve an accurate temperature-measuring 
device. It is believed that a combination of an im- 
mersion recording bath pyrometer and spiral fluidity 
tester should produce the requisite degree of accu- 
racy for proper temperature-measurement tech- 
nique. At the present time, Burnside Steel Foundry 
Co. is considering purchase of an immersion pyrom- 
eter for this purpose. 

This investigation could possibly be expanded to 
include a study of heat balances in an attempt to 
clarify the degree and order of oxidation reactions. 


Conclusion: This paper has attempted to bring 
out the effect of the many variables comprising acid 
electric practice as they influence the quality and 
economics of acid electric steel. Principally, the in- 
vestigation concerned itself with the trends indi- 
cated by dependency of one factor on another. The 
exterior irifluence, on any particular graphical analy- 
sis, of variables other than the particular factors 
being plotted is fully recognized. 

In any investigation carried out on commercial 
heats, it is impossible to eliminate these variables 
or to hold them constant to any great degree. There- 
fore, when a trend is discernible between two fac- 
tors, the degree of influence of all other variables 
can only be surmised and theorized upon. 

By careful analysis, however, all the trends can 
be evolved into a general pattern for control 
purposes. 

As closer control of the various influential metal- 
lurgical factors is worked into a practice, a method 
is found that should ultimately reward the investi- 
gator with a higher quality of steel of greater uni- 
formity at a more economical cost. 


AT THE SOUTHERN OHIO OPENHEARTH MEETING 


Following the Midyear 
Meeting of AIME, Columbus, 
Sept. 25-29, the Southern 
Ohio Section, National 
Openhearth Committee, had 
its regular sessions on opera- 
tions, practice and quality. 
Shown here (left to right) 
are C. E. Sims, of Battelle; 
L. R. Berner, Inland Steel 
Co.; R. W. Lewry, Portsmouth 
Steel Co.; N. F. Tisdale, Mo- 
lybdenum Corp. of America; 
and H. P. Gaw, Armco: Steel 
Corp. 
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Direct-Reading 


Melting Control with the 


by Earl R. 


ie development of alloy steels and the applica- 
tion of the electric furnace to large-scale pro- 
duction of high-grade steels has made the question 
of analytical control and speed in analysis one of 
greatest importance. Without exaggeration it might 
be said that the chemical laboratory controls the 
electric steel industry—it is impossible to make 
good electric steel without close chemical control. 
In addition this control of the molten steel must 
be handled in an almost inconceivably short time. 
Yet an error in analysis may mean an “off heat,” 
the rejection of hundreds or even thousands of 
dollars worth of materials. 

Does it not seem remarkable that a furnace op- 
erator can remove a spoonful of metal from his 
furnace and in 30 min, often less, know accurately 
the percentage of carbon, manganese, phosphorus, 
sulfur, chrome, nickel, molybdenum, copper and tin? 
Yet this is being accomplished regularly in numer- 
ous electric steel plants in this country and abroad. 


This is one of the lead-off papers for the forthcoming 
Seventh Annual Electric Furnace Steel Conference, 
Dec. 8-10, Pittsburgh. 
Earl R. Vance is chief chemist, Timken Roller Bear- 
ing Co., Canton, Ohio. 


This fast control analysis was brought about by 
constant effort on the laboratory’s part to reduce 
the time necessary for a determination without 
sacrificing accuracy. Back in 1924, when molyb- 
denum steels were first introduced, it required 5 hr 
for the determination of this element. Tuday, with 
improved methods, this element can be analyzed in 
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Spectrometer 


Vance 


6 min. A combustion sulfur test can be run in 3 
min as compared to the 45-min period necessary for 
the older evolution method. 

The real value of savings possible through rapid 
control analysis is apparent since melt shop time 
can be calculated at approximately one dollar per 
minute. It is obvious that any gain in analytical 
time will effect quite a saving, especially when 
considered on an annual basis. Costly erosion of 
ceramic furnace linings may be reduced, for with 
rapid analysis the bath no longer has to be held 
at approximately 3000° F while waiting for prelimi- 
nary analysis before adjusting the alloy content. 

Most analyses obtained by the best wet chemical 
methods are slow and time consuming. The analysis 
of tin in alloy steels requires approximately 214 hr 
while 8 to 12 hr are necessary to complete a deter- 
mination for aluminum. In the usual steel mill con- 
trol laboratory one analyst is required for each 
element so that time delays are held to a minimum. 
A laboratory of this type requires much valuable 
floor space. 

While the spectrograph had been used for quite 
some time in other fields, the first instrument to 
be used successfully for ferrous melting control was 
set up in a foundry in 1935. Since that date many 
installations have appeared in the control labora- 
tories of hot-metal industries. 

A Baird Three Meter Grating Spectrograph was 
installed in the Timken laboratory in 1943 for the 
analysis of preliminary and ladle tests from the 
melt shop. Samples of spectrographic analysis are 
cast in the form of rods, 7/32 in. in diam, by pour- 
ing the molten metal into a mold or sucking it up 


Se cht production of high- 
grade electric-furnace steels de- 
mands quick and accurate analytical 
control. The spectrograph was an 
enormous improvement over the best 
wet chemical methods. Now, the 
direct-reading spectrometer may well 
be the last word in rapid contro! an- 
alysis. Here is the first report by the 
company that has used this new 
method for over two years. 


in a glass tube. The cast pins are sent to the labora- 
tory by a pneumatic tube system, where they are 
carefully ground to a point and placed in the elec- 
trode holders which are connected to a power 
source. High voltage power is applied and light 
from the resulting arc is broken up into the various 
element lines which are photographed on film or 
photographic plates. The exposed emulsion is then 
developed, washed, dried and cooled to room tem- 
perature in a dark room. Element lines are selected, 
which vary in blackness or density as the percent- 
age of the element changes in the steel. The den- 
sity of the line for the element required is read 
on a densitometer and calculated to percent, after 
which it is reported by telautograph to the fur- 
nace operator. 

The headaches caused by interfering elements in 
wet chemistry are largely eliminated and most of 
the chemical elements are photographed simultane- 
ously. The use of a spectrograph avoids the neces- 
sity of waiting several hours for certain elements, 
as is the case when wet chemical methods are em- 
ployed. It is reported that one large steel producer 
increased his tonnage approximately 30 pct after 
a spectrograph was installed, since heats could be 


diverted to other specifications prior to tapping, 
when the copper and tin contents were too high. 

With the spectrograph there is a substantial sav- 
ing in time over the wet chemical methods for 
special elements such as aluminum, but these ele- 
ments are not usually requested for control an- 
alysis. Control elements are normally Mn, Cr, Ni, 
Mo V and Cu. Depending on the number of ele- 
ments requested, a report of spectrographic an- 
alysis can be completed in from 10 to 25 min, which 
time is not too much better than a well organized 
wet chemical laboratory. Approximately the same 
number of employees are necessary, as in the chemi- 
cal laboratory, if delays are to be held to a 
minimum. 

The last word in rapid control analysis was real- 
ized with the development of the direct-reading 
spectrometer. In this instrument, the photographic 
stage has been entirely replaced by sensitive photo 
multiplier tubes, which pick up the emitted light 
from the elements, at the various wavelengths and 
report it as percentage on calibrated clock dials 
within 35 sec after a sample has been placed in 
the e’sctrode holders. 

The ute of photo tubes eliminates all of the pos- 
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sible errors associated with plates or film, dark 
room developing and processing, densitometer read- 
ings and calculating boards. 

A Baird Associates-Dow Direct-Reading Spec- 
trometer was installed in the Timken control labora- 
tory in May 1947 and was the first instrument of 
this type to be used in the steel industry. A simul- 
taneous analysis of alloys is made; therefore, a total 
of eight chemical elements can be reported to the 
melt shop approximately 6 min after a sample has 
been delivered to the laboratory. 

For over two years the direct reader has been 
used to furnish analyses of all types of steel, ex- 
cept the stainless grades, for elements in the fol- 
lowing ranges: 


Calibration Calibration 
Element Range Element Range 
Manganese ... 0.05-1.60 Copper er ma: 0.02 -1.20 
SiliGoneeme ieee 0.01-1.00 Vanadium ... 0.01 -0.30 
Chrome =:)... 0.03-7.00 Tungsten . 0.05 -5.40 
Nickel enero. 0.02-5.00 Aluminum . 0.002-1.60 
Molybdenum .. 0.01-1.00 Aiba tes teniaes Got 0.007-0.10 


Determination for carbon, phosphorus and sulfur 
are made in the wet chemical laboratory. 

The direct reader is operated 24 hr a day, 7 days 
a week, with one operator on each 8-hr shift, in- 
stead of three, as with the spectrograph. The op- 
erator can very easily take care of the necessary 
elements, on the preliminary and ladle tests, from 
seven electric and three openhearth furnaces. Op- 
erators were selected from the chemical laboratory 
force, with the thought in mind that, since the 
number of chemists would be reduced when the 
spectrometer was installed, it would be essential that 
these operators could return to the chemical labora- 
tory and carry on control analysis in case of a 
major spectrometer breakdown. To date this has 
not been necessary. 

The spectrometer is located in an air-conditioned 
room, which is maintained at a temperature of 
75° F and 50 pet relative humidity. It is felt that 
air conditioning is quite essential to good opera- 
tion; that is, the atmosphere surrounding the 
analytical gap is held uniform, but more important, 
the insulation and fine windings in the electronic 
circuits are not subjected to absorbtion of moisture 
due to varying atmospheric conditions in the an- 
nual dry and rainy periods. 

The instrument is well insulated against shock, 
the customary vibration found in steel and rolling 
mills causing no interference. The exit slits, which 
pass the emitted light from the grating to the 
photomultiplier tubes, are of the fixed or locked 
down type. In over 2 yr they have never been 
changed or adjusted, due to varying mechanical 
or physical changes in the spectrometer. In a re- 
cent check, it was found that the light from the 
element lines was still passing through the exact 
center of each exit slit, which is thought to be quite 
remarkable, since the light is reflected approxi- 
mately 24 ft and the slightest movement will cause 
the light to miss these narrow slits which are from 
50 to 200 microns, or 0.002 to 0.008 in. in width. 

There are 65 electronic tubes used in the various 
circuits in the spectrometer, but to date there has 
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never been a shutdown caused by a burned-out tube. 
During vacation period shutdowns the tubes are 
checked and weak tubes are replaced, even though 
they cause no trouble in operation. In the past year, 
five tubes have been replaced in this manner. Many 
of the original tubes are still in use, which indi- 
cates well-designed circuits. 

The location of trouble has been simplified since 
a channel has been designed for each element and 
the circuits which control that channel are built 
into a drawer, which is easily replaced with a spare 
drawer in case of trouble. The troublesome drawer 
is then repaired by the operator and held as a spare 
for future use. Tube fatigue is practically unknown, 
as shown by experiments in which from 20 to 40 
exposures are made in rapid succession. 

In order to check the effect of a shutdown, the 
spectrometer was standardized before it was turned 
off for a recent three-week vacation period. At the 
conclusion of this time the power was turned on 
and the electronic circuits allowed to warm up 
for 20 min. The same standard pins were then 
sparked and the analyses for all elements were in 
excellent agreement with the results obtained be- 
fore the shutdown. 

An investigation was completed recently to de- 
termine if any gain in accuracy resulted from the 
use of the spectrometer as compared to the spectro- 
graph. Twenty determinations were made on each 
instrument on the same day, using identical pins 
from type 4320 steel. The following table indicates 
the difference in accuracy of the two methods, re- 
ported as percent standard deviation. 


Pct. Standard 


Deviation 
= Extremes, 
Chemical Spec- Spec- Spec- 
Elements Analysis trograph trometer trometer 
Manganese .. 0.55 1.82 1.35 0.54-0.56 
Sili¢ongiensewa 0.28 1.97 2.46 0.27-0.29 
Chromewa-n. 0.45 i92 2.06 0.44-0.47 
Ni@kele os 1.69 1.85 0.79 1.68-1.71 
Molybdenum . 0.215 2.66 1.68 0.21-0.22 


In a recent survey of a 2-yr period, it was found 
that results from the spectrometer were used to 
control the melting of 14,184 heats of steel. This 
constituted a total of 951,207 tons, on which 7 5,470 
tests were submitted, making a grand total of 
1,021,250 determinations, reported by the aid of 
the direct-reader. 

In addition to this tremendous task the instru- 
ment has been used to separate mixups of bars and 
billets in a few hours time that would have re- 
quired several days to drill and analyze. 

Much interest is evidenced by the numerous visi- 
tors from this country and abroad who have in- 
spected the spectrometer. It is felt that in the 
near future this type of instrument will be used 
quite extensively. With the improvement in ac- 
curacy and the shorter period required to report. 
analysis, it is felt that the direct-reading spec- 
trometer is, by far, the greatest contribution that. 
the control laboratory has ever made towards ef- 
fecting a savings in the melting department. 


Analysis of 


HE pace of titanium research has been 

retarded somewhat by the lack of a suitable 
method of determining oxygen content. Here, 
the author describes a reliable method of 
oxygen analysis by a modification of the 
vacuum fusion techniques which have become 
conventional for the analysis of gases in steel. 


HE combination of attractive physical properties 

and abundance of raw materials has resulted in 
widespread interest in the metallurgy of titanium’. 
The fact that the molten metal reacts strongly 
with oxygen and the common oxide refractories 
has been one of the major obstacles in this develop- 
ment and this has in turn pointed to the necessity 
for the analysis of oxygen in titanium. This same 
reactivity of titanium with oxygen has made the 
analysis a difficult one and this article is presented 
because sufficient evidence is now available to in- 
dicate that reliable results can be obtained by suit- 
able modification of the vacuum fusion techniques 
which have become conventional for the analysis 
of gases in steel. This information should be en- 
couraging and useful to those who have been plan- 
ning work in this field and debating the potentialties 
of various analytical methods. 


Gerhard Derge is with the Metals Research Laboratory, 
Carnegie Institute of Technology, Pittsburgh. 


Conventional vacuum fusion methods for the 
analysis of gases in steel are adequately described 
and appraised in good reviews in the Metals Hand- 
book? and the publications of the British Committee 
on the Heterogeneity of Steel Ingots’, both of which 
include excellent bibliographies. Successful special 
applications to alloy steels and ferro-alloys (many 
of which are not unlike titanium in their high re- 
activity with oxygen) have been included in the 
British work and similar applications have been 


described more recently in this country by Mallett’. 


Over a period of years the author has made many 
similar applications in this laboratory. Therefore, 
when the problem of titanium analysis was pre- 
sented, since time was important, it seemed logical 
to extend this reliable, general procedure by suit- 


. 


Oxygen in Titanium 


by Gerhard Derge 


able modification, rather than to develop an en- 
tirely new and untried method. 


The apparatus and procedures used in this labora- 
tory for steel analyses have already been published’ 
and it is only necessary to describe the specific 
procedure adopted for titanium analysis. This pro- 
cedure will be understood best if the guiding princi- 
ples and objectives which determined it are out- 
lined first. The exact procedure will then be de- 
scribed, and finally the analytical results obtained 
from specimens with established oxygen content 
will be presented. 

Early experience with steels showed that if vola- 
tile and easily oxidized elements such as manganese 
are present they may lead to side reactions which 
give low oxygen results. The most effective means 
of combating this ‘“manganese error” are to insure 
rapid pumping in the entire high vacuum zone and 
particularly that portion of it which is hot and to 
add small amounts of tin to the molten metal bath. 
In this laboratory these same precautions have been 
used successfully with other elements than man- 
ganese and it was anticipated that they would prove 
equally satisfactory for titanium. 

In general, the ferro-alloys and non-ferrous me- 
tals have been analyzed by adding the sample to 
a bath of previously reduced iron and the tempera- 
ture has been increased slowly from about 1200°C 


In practice, temperatures are observed with an optical 
pyrometer through a Pyrex window and recorded with- 
out correction because changing conditions prevent ac- 
curate emissivity corrections. 


to whatever maximum is required to complete the 
extraction in a reasonable length of time. The 
temperature should be increased at a rate which 
prevents a sudden gas evolution which might ex- 
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ceed the capacity of the diffusion pump to maintain 
a low pressure in the hot zone above the crucible. 

Based on the above principles, the following 
specific procedure has been adopted for titanium. 

Materials: The only special materials required 
are a high purity commercial grade of tin and a 
reasonably pure iron saturated with carbon. For 
this purpose ingot iron is melted in air in a graphite 
crucible by induction heating. This preliminary 
preparation eliminates a large portion of the oxygen 
in the iron and saturates it with carbon so as to 
avoid excessive attack on the graphite crucible of 
the vacuum fusion apparatus. 


Procedure: Standard vacuum fusion apparatus 
is used.” With a new crucible assembly, the iron, 
tin, and titanium are placed in the storage chamber 
before closing the apparatus. The system is then 
evacuated and the empty crucible assembly baked 
out at about 2100°C until a satisfactory blank is 
obtained at 1800°C. The crucible temperature is 
lowered to about 1200°C and 25 g of iron dropped 
into the crucible. The temperature is then raised to 
1800°C within a few minutes and the bath held at 


Detailed discussion of the important but conventional 
features of blanks and blank corrections, gas analysis, 
and calculation of results will be omitted as they have 
been adequately described in the literature.’. * 


that temperature until a satisfactory blank is again 
obtained. The temperature is then lowered to 
1400°C, 5 g of tin added, and the temperature held 
constant until a satisfactory blank is reached. The 
titanium sample is then added and the temperature 
raised slowly to 1800°C. The increase of tempera- 
ture after the titanium addition must be done with 
care to avoid objectionable spitting and sudden 
pressure increase above the crucible. The tempera- 
ture range between 1600°C and 1650°C seems to 


*B. W. Gonser, “Titanium,” Jl. of Metals, vol. 1, p. 6, 
Jan. 1949. 

°*“The Determination of Oxygen, Nitrogen and Hydro- 
gen in Ferrous Metals,” Metals Handbook, A.S.M., 1948 
Edition, pp. 408-11. 

*Eight Report on the Heterogeneity of Steel Ingots, 
Iron and Steel Inst. (London), Special Rep. No. 25 
(1939) ; Second Report of the Oxygen Subcommittee of 
the Committee on the Heterogeneity of Steel Ingots 
(1939); Third Report of the Oxygen Subcommittee 
beaey? Fourth Report of the Oxygen Subcommittee 
“M. W. Mallett, “A Versatile Vacuum Fusion Appa- 
ratus,” A.S.M. preprint No. 41, 1948. 

*G. Derge, “Rapid Analysis of Oxygen in Molten Iron 
and Steel,” Trans. AIME, vol. 154, 248 (19438); T. T. 
Omori and G. Derge, “Vacuum Fusion Analysis of Sili- 


con Steels,” Blast Furnace and Steel Plant, vol. 31, 
888 (1943). 


be especially critical in this respect and ordinarily 
about two thirds of the total gas evolution has been 
completed by the time this range has been passed. 
It is not certain that the reaction would not com- 
plete itself near 1650°C, but the time required at 
this temperature would certainly be excessive. The 
reaction completes itself very rapidly at about 
1800°C. The pertinent data from a typical run are 
shown in table I. The collected gas is then analyzed 
by conventional low-pressure, fractional freezing 
methods. Additional samples can be analyzed in 


32—JOURNAL OF METALS, OCTOBER 1949 


the same crucible by repeating the addition of iron 
and tin before each sample. 

Results: A variety of iron-titanium samples con- 
taining up to 10 pct titanium have been analyzed 
by this general procedure, with appropriate changes 
in the amount of reduced iron required for the bath, 
with apparently satisfactory results. An experi- 
enced operator can judge the reliability of such an 
analysis by the ease with which blanks are ob- 


SS 


(a) (6) 


Fig. |-a—Method of sectioning cast ingots; b—method of 
sectioning iodide rod. 


tained before and after the analysis and the condi- 
tion of the crucible at the end of the work. However, 
the quantitative evidence that this procedure yields 
reliable results is based on the analysis of a series 
of carefully prepared samples of titanium with 
controlled oxygen composition (see acknowledg- 
ments). Regarding the preparation of these sam- 
ples it will suffice to say that the titanium employed 
was the highest purity obtainable by the thermal 
decomposition of the tetraiodide on a hot titanium 
filament according to the method of Van Arkel.® 
This metal had an annealed hardness of 70-80 
Vickers. Oxygen was added in the form of high 
purity titanium dioxide powder, which was placed 


TABLE | 


Typical Record of Analysis 


Room temperature = 24°C (Feb. 1, 1949); Iron (C saturated) for bath = 25 g (approx.); 
Tin for bath = 5 g (approx.); Titanium sample Be = 0.2788 g (based on a nominal 
expected oxygen of 0.5 pct). 


Clock Manometer Crucible 
Time Operation Reading, cm. Temp., Deg. C: 
12:00 A026 OTCOF up eel 1200 
12:26 1.80 small volume 1800 
12:53 2.77 small volume 1800 
Pumped out some 
* gas to keep read- 
ings on small volume 
1:21 2.00 small volume 1800 
1:26 2.10 small volume 1800 
1:31 2.16 small volume 1800 
1:36 2.22 small volume 1800: 
Pumped out gas, 
lowered temperature 
1:42 add 5g tin 1460: 
1:46 0.17 small volume 1380 
1:48 0.19 small volume 1365 
1:50 0.21 small volume 1390" 
1:54 0.22 small volume 1390° 
Pumped out gas 
2:00 add titanium 
sample Be 1390° 
2:02 0.64 small volume 1380: 
2:05 0.76 small volume 1390: 
2:13 1.00 small volume 1500 
2:18 1.22 small volume 1600 
2:23 1.80 small volume 1620 
2:25 2.60 medium volume** 1630 
2:27 2.70 medium volume** 1630 
2:31 2.75 medium volume** 1630 
2:33 2.77 medium volume** 1630 
2:35 2.78 medium volume** 1750 
2:37 2.78 medium volume** 1780 


Analyzed gas by fractional freezing. 


“This part of the procedure is subject to great variation, depending u i 
treatment of crucible and choice of terorntine: eer Hyg 
** Medium volume reading X4.833 = small volume teading. 


within holes drilled in the titanium rod. A small 
weight loss invariably occurred during the melting. 
This loss was assumed to be due entirely to the 
loss of some of the powdered compound in the blast 
of the electric arc, since no weight loss was experi- 
enced during the melting of the metal alone, and 
chemical analyses on titanium-nitrogen alloys made 
by the fusion of titanium and powdered titanium 
nitride check the calculated analyses when it was 
assumed that the entire loss during melting was 
due to the loss of titanium nitride powder. The high 
purity titanium-oxygen alloys prepared from these 
materials were cast in the form of twenty-five gram 
ingots which were melted in purified argon in an 
electric arc furnace on a cold hearth. Freezing of 
this small ingot is quite rapid and it is believed 
that this chill casting avoided any serious chemical 
segregation. 

Analyses were made on pie shaped segments cut 
from the cast ingot as shown in fig. Ia. This method 
of cutting should average possible segregation so 
that A: and A: should be duplicate samples. The 
gas analysis includes values for nitrogen and hydro- 
gen and all of the results are listed in table IT, even 
though the principal interest is in oxygen. The 


TABLE II 


Analytical Data 
Weight, Pct 
Total 
Sample Oxygen, Esti- 
Sample Weight, Added mated Vacuum Fusion Analysis 
Description G as TiO» Oxygen 1) H N 
lodide fa 1.129 0.00 a 0.015 0.0036 0.0055 
Titanium \b 1.230 0.00 sisiers 0.013 9.0038 0.0096 
Fused ingot {X; 0.7098 0.00 0.035 0.0022 0.019 
No addition \X: 0.8460 O00" © hea 0.027 0.0033 0.012 
031* 


av. 0. 
Fused ingot A (Ai** 0.4192 0.105 0.136 0.203** 0.0024** 0.088** 
TiO: added {A> 0.3596 0.105 0.136 0.150 0.0018 0.043 
\A: 0.2112 0.105 0.136 0.126 0.0024 0.024 


av. of As, As 0.138 
0.2788 0.493 0.524 0.516 
0.1819 0.493 0.524 0.494 


av. 0.505 


Fused ingot B {Bz 


0.0037 0.059 
TiO: added = \B: 0.045 


0.0020 


* This is considered as the normal oxygen pick up during fusion and is added to 
the intentional oxygen added as TiO» to determine the ‘“‘total estimated oxygen.’’ 

** Sample A: was used as a trial run to determine emperature range, results should 
not be,weighted equally with As and As. 


table also includes analyses of cylinders cut as 
shown in fig. Ib from the original rod of iodide 
titanium used to prepare the other ingots. Samples 
X: and X: were from a cast ingot which had no in- 
tentional oxygen addition and represents the pick- 
up to be expected from the arc melting procedure. 
Fused ingots A and B had nominal intentional oxy- 
gen addition of 0.1 and 0.5 pct respectively and 
the total expected oxygen is determined by adding 
the average pick-up due to fusion of 0.031 pct 
shown by ingot X. These items are all listed in 
table II. The average analysis of ingot A is 1.5 pet 
greater than the total estimated value, while the 
average of ingot B is 3.6 pct less than the expected 
value. Such results are ordinarily regarded as quite 
satisfactory in vacuum fusion analysis of other 
metals, particularly steels, as will be seen by ref- 
erence to the general reviews of the subject and the 
“Cooperative Study of Methods for the Determina- 


Equipment used for making analyses to determine oxygen in 
titanium-oxygen alloys up to 0.5 pet oxygen. 


tion of Oxygen in Steel” conducted by the United 
States Bureau of Standards’. The results for hy- 


‘U.S. Patent No. 1, 671, 213, Van Arkel et al, 1928. 
7 J. G. Thompson, H. C. Vacher, H. A. Bright, Trans. 
AIME, Vol. 125, page 246 (1937). 


drogen show good checks for duplicate samples and 
indicate that the vacuum fusion method is also 
satisfactory for this element. The nitrogen results 
show a larger variation, partly because all analytical 
errors are cumulative in this value, and indicate 
that other methods may be preferred for this ele- 
ment. 

Conclusion: Proper modification of the vacuum 
fusion analytical procedure as ordinarily applied 
to steels has resulted in the satisfactory analysis 
of carefully prepared titanium-oxygen alloys con- 
taining up to 0.5 pet oxygen. It may be expected 
that more extensive work will lead to further im- 
provements and refinements but these results are 
sufficient to indicate that the general principles in- 
volved in good vacuum fusion practice can be ex- 
pected to yield correct results in titanium analysis. 

Acknowledgments: The cooperation of Walter 
L. Finlay, Supervisor of Metals Research, Reming- 
ton Arms Co., Inc., Bridgeport, Conn., who provided 
the titanium-oxygen alloys of known oxygen con- 
tent, and the generous permission of this company 
to publish these results are gratefully recognized. 
The experimental work was conducted by Jack 
R. She,vog. 


JOURNAL OF METALS, OCTOBER 1949—33 


Openhearth and IMD Groups 
to Meet 
Pittsburgh, Oct. 28 


Mc of the programs have been completed for 
the annual meeting of the Pittsburgh Section, 
AIME, Oct. 28, according to chairman H. P. Green- 
wald of the Bureau of Mines. Openhearth and IMD 
sessions will be held in various 17th floor rooms of 
the William Penn Hotel, and for the most part will 
be off-the-record. A luncheon and dinner are 
planned, and after dinner the committee has ar- 
ranged for the showing of two special motion pic- 
tures—the one furnished by Gulf Oil on airborne 
missles and the other an official film showing the 
defense of Antwerp during the Battle of the Bulge. 
According to E. H. Hollingsworth of Alcoa, the 
Institute of Metals program will be as follows: 


“Metallurgical Factors Influencing Flow Stress of 
Metals,” by M. Manjoine, Westinghouse Electric Corp. 

“Vibrational Damping Capacities of Some Plain Car- 
bon Steels,” by G. P. Chatterjee and G. R. Fitterer, 
University of Pittsburgh. 

Movie on Metal Flow and Transfer. 

Paper on stresses in nonferrous metals. Exact sub- 
ject and authors to be announced. 


Those attending this morning openhearth session 
in the Ballroom, Friday at 9:30 a.m. will hear E. G. 
Hill, Chairman of the National Open Hearth Com- 
mittee and Director of Metallurgy and Development 
at Wheeling Steel, open up the meeting with “A 
Few Remarks on the Future Use of Oxygen.” Fol- 
lowing this there will be series of interesting dis- 
cussions. 


(1) Variation in Heat and Ingot Analysis. 
a—Variations in composition of heat during 
teeming. 
Factors affecting. 
Control. 
Methods of sampling and variation. 
b—Variation in composition of ingots. 


Effect of deoxidation and mold practice on 
variation of composition within the ingot. 
(2) Sulphur in the Open Hearth Process. 
a—Loss of sulphur in transit. 
b—Copper-sulphur relationship. 
c—Handling of lower silicon higher sulphur iron. 
d—Sulphur in rusty scrap. 
e—Sulphur balance in the open hearth. 
(3) Elimination of sulphur from the operators point 
of view. 
(4) Furnace construction. 


Refractories and Masonry 
Ballroom, Friday 2:00 p.m. 


(1) Tearing Down Open Hearth Furnaces— Proce- 
dures and Labor Saving Devices. 

(2) Rebuilding Open Hearth Furnaces. 
a—Brick Handling to and on job. 

(3) Open Hearth Furnace Roofs. 
a—Design, erection, patching, heating-up prac- 
tice. 

(4) Metal Mixer linings. 
a—Open hearth mixers and submarine type 
mixers. 


Acid Open Hearth 
Monongahela Room, Friday 2:00 p.m. 


(1) Acid furnace maintenance and operation. 
(2) Series of pro-con questions. 
a—Added silicon to the charge, regardless of 
pig iron or substitute source of carbon is nec- 
essary for bank protection in an acid furnace. 
b—Special deoxidizers are needed in the manu- 
facture of high quality acid steels. 
c—Chromex, as a source of chromium gives as 
satisfactory product as does ferrochrome in 
the acid furnace. 
(3) Open Hearth Combination Control. 
a—Importance and methods. 
(4) A study of acid slags including cup tests and 
petrographic examination. 
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EXTRACTIVE METALLURGY SESSION 
IN COLUMBUS 


As part of the Midyear Meeting of AIME, 
Columbus, Sept. 25-29, the Extractive Metal- 
lurgy Div. heard two papers, one on titanium 
and the other on the silver—silver-sulphide 
system. J. D. Sullivan, of Battelle, (right) 
officiated as chairman, and the co-chairmen 
were R. R. McNaughton (center) of Consoli- 
dated Mining & Smelting Co., and Bruce W. 
Gonser (left) of Battelle. 


Gal | | rene, NEWS 


Southern California Section Fall Meeting 


All divisions of the Southern California Section, 
including metals, mining and milling, industrial 
minerals, and petroleum, will participate in th> 
fall meeting on Oct. 20 and 21. Los Angeles, of 
course, is the host town; metals division meet- 
ings are to be held at the new Institute of Aero- 
nautical Science building, while the petroleum, in- 
dustrial minerals, and mining and milling division 
meetings will be at the Elk’s Club. 

Two full days of technical sessions are scheduled 
for the petroleum group by general chairman John 
T. Thatcher, Jr. Thursday, the Town House will 
be host for the oil men’s luncheon. 

This year the industrial minerals, and mining 
and milling divisions will join together for a two- 
day session. Ian Campbell and George Dub have 
planned for numerous papers by good men on 
interesting subjects. 

Four papers are listed for the metals division on 
Thursday afternoon and evening, with the meeting 
taking the form of a symposium on creep of metals. 
Fred Boericke is chairman. 

The annual all-division luncheon of the Section 
will be on Oct. 21 at the Town House. In addition 


Walter Hull Aldridge, John Fritz Medalist for 1949 


Announcement has just been made by the 
John Fritz Medal Board of Award of the 
award of the John Fritz Medal for 1949 to 
Walter Hull Aldridge, president of the Texas 
Gulf Sulphur Co., and recipient of the AIME 
Saunders Mining Medal in 1933. This board 
of award is composed of four representatives, 
all past presidents, from each of the four 
Founder Engineering Societies. The medal is 
called the ‘medal for medalists,’ regarded as 
the highest honor an engineer may attain. 
Further details regarding the career and 


professional achievements of the Medalist will 
be published in a forthcoming issue of the 
journals. 

The citation reads: 


“WALTER HULL ALDRIDGE 


As Engineer of Mines and Statesman of 
Industry who by his rare technical and ad- 
ministrative skills has importantly augmented 
the mineral production of our country and 
Canada, and who by giving unselfishly of his 
wisdom and vision has guided his professional 
colleagues to higher achievements.” 


to other business, Student Awards will be presented. 

The men responsible for the programs have spent 
a lot of time getting them ready for you so that 
you will be assured of an interesting and profitable 
time. 


AIME and ASME Joint Meeting 


The final draft of the program for the twelfth 
joint meeting of the Coal Division, AIME, and the 
Fuels Division, ASME, to be held at French Lick 
Springs Hotel, Oct. 26 and 27, has been completed. 
It looks like a program which fuels men can’t afford 
to miss. For a list of papers see page 51 of Mining 
Engineering. The banquet speaker is to be Philip 
Willkie, son of the late Wendell Willkie. A program 
is being prepared for the ladies which will include a 
visit to the French Lick Springs Hotel gardens, 
bridge, dancing, and a bus trip to the nearby Indiana 
State Park limestone cave. 

Get on the ball, you fuels men, and your ladies; 
get your facts and fun at French Lick. 


Pittsburgh Section Off-the-Record Meeting 


The Pittsburgh Section has gone all-out to plan 
its Oct. 28 meeting to interest coal, petroleum, 
open-hearth, and metals men. Programs for each 
group are listed in the related journal but get to 
the meeting if you can possibly make it. You'll 
find it worthwhile. 

The Coal Division sessions will be held in the 
Pittsburgh Room of the William Penn Hotel; all 
other sessions will be on the 17th floor. There will 
be a luncheon and dinner and at the latter, two 
special motion pictures will be shown, the first 
on air-borne missiles, and the second on the defense 
of Antwerp during the Battle of the Bulge. 


Industrial Minerals Division Meets in Tampa 


Tuesday, Nov. 8, is registration day for the an- 
nual fall regional meeting of the Industrial Min- 
erals Division; the Tampa Terrace Hotel, needless 
to say in Tampa, Fla., will be headquarters from 
Nov. 8 to 12. Two days of technical sessions are 
scheduled for Wednesday and Thursday featuring 
papers on geology, mining, and milling of Florida 
phosphates and other mineral resources, and papers 
on industrial minerals in the southeastern states. 
A cocktail party and banquet wind up Thursday’s 
affairs, but be up for the field trips on Friday and 
Saturday to a limestone quarry, a heavy mineral 
operation, and the phosphate producing areas. If 
you want to stay over Saturday evening, there’s 
the University of Florida-University of Kentucky 
football game. 
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1950 Dues Bills 


To expedite the recording and ac- 
knowledgment of remittances, the 
plan of staggering the mailing of 
dues notices is being continued this 
year. First to be sent out have 
been the bills to our members out- 
side of the U. S. A., for these will 
require more time in transit, and 
often delay is incurred in securing 
American dollars. Mailing of all 
bills will be completed in late De- 
cember. It is hoped that members 
will respond as promptly as they 
can, although dues do not actually 
become payable until January first. 

Those who have found the dues 
bill more or less complicated in 
previous years will, we hope, find 
the current statement simpler and 
more acceptable. It is predicated on 
the assumption that a member will 
wish the same Branch journal or 
journals in 1950 that he has been 
receiving in the past. If he wishes 
to change his selection he should 
so state on the bill and correct it 
accordingly. Members are entitled 
to receive free, as part considera- 
tion for their dues, a 1950 subscrip- 
tion to one of the following: Min- 
ing Engineering, Journal of Met-: 
als, or Journal of Petroleum Tech- 
nology. If two different journals 
are desired the additional charge is 
$4, or if all three are wanted the 
added charge is $8. Additional sub- 
scriptions to the same journal must 
be paid for at the nonmember price 
—$8 each for the Americas and $9 
foreign. 


The technical papers published 
by each of the three Branches of 
the Institute appear monthly in the 
respective journals. Enough extra 
copies of these technical papers are 
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printed each month so that they 
can be bound together at the end 
of the year into Transactions vol- 
umes, supplied at cost to those who 
wish to have them. Such bound 
copies for members’ libraries pre- 
serve a complete file, in permanent 
form, of the technical publications 
of the respective Branches of the 
Institute. Although one may try 
to keep individual copies of the 
journals, often one or more will 
become lost. 

These three Transactions vol- 
umes will be published in January 
of each year, each containing all 
the technical papers, discussion, 
and an index, published by the re- 
spective Branches in the previous 
year, and nothing else. Members 
that have already requested one or 
more of these volumes to be pub- 
lished next January will find the 
appropriate charge therefor on 
their bills. Those that did not so 
specify on their publication selec- 
tion slips last year, but now wish 
to have one, should add the item 
to their bill and enclose an addi- 
tional $3.50 for each volume se- 
lected; so long as our limited 
supply lasts they will be accommo- 
dated. 

We shall assume that members 
will wish to receive, early in 1951, 
the same bound volume or vol- 
umes, if any, that were selected 
in 1950 and shall govern our over- 
run printing accordingly, unless we 
are advised to the contrary. The 
price of the 1951 volumes cannot 
be set until their cost is known but 
it should not be greatly different 
from the current price of $3.50. 

No Institute Directory was pub- 
lished in 1949 but the usual vol- 
ume will be prepared in the spring 


as followed by EDWARD H. ROBIE 


of 1950. Members that have not 
already advised Institute head- 
quarters of any desired change in 
their listing should do so in the 
next few months, for no special 
canvass will be made for Directory 
purposes. 

Bills will be sent out in dupli- 
cate, one copy to be returned to 
the AIME with remittance and the 
other to be retained for the mem- 
ber’s record. If payment is made 
through a bank or agent, they 
should be sent both copies with 
the request that one be returned 
to the Institute, or at least they 
should advise us of the member’s 
name and ledger number when 
making payment, so that proper 
credit may be accorded. The ledger 
number is the number that appears 
opposite the name on the address 
stencil. 

Student Associates again in 1950 
will have the privilege of selecting 
one of the Branch journals if they 
pay $4.50 dues. If they do not wish 
to have an annual subscription to 
a journal their dues are $2. They 
will be billed according to the 
amount they paid in 1949 but of 
course have the privilege of chang- 
ing their classification for 1950 if 
they wish. 


Mudd Volumes for Junior Members 


For years, all Junior Members of 
the AIME, at the time they attain 
that status, have been given sev- 
eral volumes thought to be of in- 
terest to them, through the Seeley 
W. Mudd Memorial Fund. A dozen 
or more titles have been distributed 
in all. Currently each Junior Mem- 
ber is receiving a copy of the In- 
stitute’s 75th Anniversary volume 
plus a copy of the new ECPD book, 
“A Professional Guide for Junior 
Engineers.” Also, he is given the 
privilege of selecting, as a third 
volume, one of several books that 


are in more limited supply and not 
of as wide professional interest. 

The Mudd Fund Committee 
hopes, in the next year or so, to be 
able to supply books of special in- 
terest to young men in each of the 
ten Divisions of the Institute, as 
well as two or three volumes of 
general interest to all groups. Cur- 
rently, for instance, no book is 
being offered of special interest to 
young petroleum engineers. Hach 
Division is being asked to select 
the subject and potential author for 
such a book, and suggestions from 
the Junior Members themselves will 
be welcomed. The books should 
be concise and practical, preferably 
covering a subject of wide tech- 
nical interest to Division members, 
and also preferably filling a gap in 
current technical literature. They 
may possibly take the form of a 
handbook. If they are of such a 
nature that they can be sold, to 
others than Junior Members who 
will get them free, so much the bet- 
ter for the Mudd Fund. 


Steel and Coal 


When this issue reaches its read- 
ers, they will know much more than 
we do now—on Sunday, Sept. 18th 
—whether or not a steel or coal 
strike is going on or is imminent. 
The report of President Truman’s 
fact-finding board was a masterful 
compromise that satisfied neither 
side. Fortunately no general wage 
increase, for the steel or other in- 
dustries, was recommended, and 
the amounts demanded for social 
insurance and pensions were re- 
duced considerably below Mr. Mur- 
ray’s initial demands. The dis- 
agreement, bitter on both sides, 
is not on whether pensions are 
desirable — but whether workers 
should contribute to part of the 
cost. 

The threatened coal strike has 
quite a different reason. The 
twenty-cent a ton royalty for 
miners’ welfare seems never to 
have been adequate for the benefits 
paid, and certainly not after the 
three-day week reduced output 
from eleven to eight million tons. 
A group of Southern operators has 
refused to pay any royalty at all 
on coal mined since July 1, when 
the contract expired, the royalty 
agreement being a part of the con- 
tract. Mr. Lewis says this has 
made the miners boiling mad and 
they may quit work any time, 


nage 


which will mean still less money 
in the welfare fund. 

To us, it seems unfortunate that 
social insurance and pensions ever 
should have become a matter for 
company-union negotiation. Had 
employers been more farsighted 
they would have urged more ade- 
quate payments under the Federal 
laws and thus perhaps have avoided 
individual company responsibilities 
in this regard. One bad feature of 
such plans from the economic 
standpoint, unless they are liberal- 
ized, is that they tie the employe 
to one company and thus do not 
promote a mobile labor supply in 
the country, a desirable factor for 
efficient production. 


Sharing Our “Know How” 


Point Four of President Truman’s 
recommendations made to Congress 
last June has attracted consider- 
able attention. It has to do with as- 
sistance to the peoples of economi- 
cally undeveloped areas to raise 
their standards of living. The sug- 
gested aid falls into two categories: 
(1) technical, scientific, and mana- 
gerial knowledge necessary to eco- 
nomic development; and (2) pro- 
duction goods — machinery and 
equipment — and financial assist- 
ance in the creation of productive 
enterprises. The President espe- 
cially mentioned the fields of min- 
ing and metallurgy in referring to 
the need in underdeveloped coun- 
tries for technicians and experts. 

Assistance so far has been more 
in imparting American know-how 
to visitors from foreign countries 
than in sending American technolo- 
gists abroad. More than 25,000 for- 
eign students were enrolled in 
American universities in the college 
year just closed, and approximately 
5100 of these were studying en- 
gineering. The ECA has just an- 
nounced that fifty British en- 
gineers, with at least Master’s de- 
grees, will be brought to the United 
States this fall for one year of 
graduate training in practical ap- 
plied science and technology, partly 
in schools and partly in plants. The 
cost will be about $3000 per man. 

The Department of State hopes 
to send more technical men and 
teachers abroad in the future than 
in the past, but a start has al- 
ready been made. For instance, 
George V. Allen, the State Depart- 
ment’s Assistant Secretary for 
Public Affairs, who is intimately 


concerned with the project, recent- 
ly cited the fact that two American 
mining engineers from the Bureau 
of Mines were now in Mexico as- 
sisting the Government in work- 
ing out ore extraction processes. 
Also, many American geologists 
have been sent to Brazil in the last 
seven years to assist that country 
in locating and mapping its stra- 
tegic minerals. The largest deposits 
of manganese in the Western Hemi- 
sphere have thus been discovered. 

We feel that American firms in 
the mineral industry should co- 
operate to the fullest extent in 
these plans to promote world re- 
covery, as many of them are now 
doing. Interested individual engi- 
neers should get in touch with the 
Department of State, Washington. 


Arkansas Bonanza, 


Large mining companies have many 
offers of properties, and some of 
these offers are accompanied by re- 
ports that arouse the risibilities 
of the exploration engineers. Jack 
Baragwanath sends us a sample, a 
report of a mineral occurrence on 
a certain Arkansas farm which we 
will call the Smith farm, just to 
hide its identity and protect Free- 


port Sulphur from too much com- 


petition in securing an option: 
“The starting point for the loca- 
tion of minerals is at the southeast 
corner of the Smith farm. The lead 
is located 1000 ft west of the said 
starting point and the vein runs 
thence northerly 1122 ft and av- 
erages 148 ft in width and about 
25 ft thick. The ore is about 20-25 
ft below the surface of the farm. 
The silver pocket is located 800 
ft west of the starting point, 
thence north 300 ft to center of 
pour-out, thence north 200 ft to 
northerly edge of pocket. The 
pocket is 200 ft across at its widest 
part and about 38 ft thick. The 
ore is about 28 ft below the sur- 
face. There is a silver-copper vein 
about 15 ft wide through the pour- 
out at about 2000 ft down that 
runs the entire length of the Smith 
farm. The probable depth of the 
vein is about 1000 ft. [Then comes 
similar data about a copper pocket. ] 
“The Smith farm is one of the 
best that I have found in Ark.... 
There is a fortune in either of the 
three minerals. .. . The silver and 
copper were deposited in a molten 
form from a volcano and the lead 
was formed through filtration.” 
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The Secretary of the Institute plans 
to be at the following places in 
the month of October: 


ITINERARY OF AIME SECRETARY 


16. Tucson and Ajo, Ariz. 
17. Ajo 

18. La Jolla, Calif. oY 
19-20. Los Angeles (Divisional 


be issued next spring; listings will 
be the same as in the 1948 Direc- 
tory unless the Secretary’s office 
has been notified of a change. 


Gerow CIMM Secretary 


Oct. 1. St. Louis and Rolla, Mo. Meeting) Carlyle Gerow took office as secre- 
2. Baxter Springs, Hans. 21. Jerome, Ariz. tary-treasurer of the Canadian In- 
3. Dallas 22. Albuquerque stitute of Mining and Metallurgy 

. Austin 24. Wichita 
ae San Antonio (Petroleum 26. French Lick, Ind. (Fuels 
Division) Conference) 

8. Austin 27. La Fayette, Ind. 

10. Carlsbad, N. Mex. 28. Chicago (ECPD Annual 
11. El Paso Meeting) 

12. Silver City, N. Mex. Mr. and Mrs. Robie are driving and 
13. Morenci, Ariz. are planning to visit as many Local 
14. Miami and Superior, Ariz. Sections and Affiliated Student So- 


cieties as possible en route. 


Tucson 


Fuels and Domestic Security 


Fuels of the future, and their re- 
lationship to the domestic security 
of the United States will be dis- 
cussed at the 29th annual meeting 
of the American Petroleum Insti- 
tute in Chicago, Nov. 7 to 10. The 
fuels session will be held in the 
grand ballroom of the Stevens Ho- 
tel on Thursday morning, Nov. 10. 

The forum will be opened with 
papers by W. M. Holaday of the’ 
Socony-Vacuum Oil Co., New York 
City, and W. G. Whitman of MIT. 
Holaday will discuss such questions 
as these: For maximum efficiency 
and conservation of our resources, 
should we use coal, liquid fuels, or 
gas? Which is best for power pro- 
duction, steam or internal com- 
bustion engines? What should be 
the fuel for steam power, coal, oil, 
or gas? What should be the fuel 
for internal combustion engines, 
Diesel fuel or gasoline? — 

Whitman will give his opinions 
on these questions: Who holds the 
responsibility for National Secur- 
ity? What about the fuel require- 
ments for the next war? 

Other Whitman questions revolve 
around these points: Timing of dis- 
covery and development—What is 
best for our country? Stockpiling 
versus imports—What should we 
do? Should we conserve our crude 
reserves and go the synthetic route, 
and if we do go the synthetic route 
what should we use in the pro- 
duction of synthetic fuels — gas, 
bunker oil, shale, or coal? 
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In Changing Your Address 


When notifying AIME headquar- 
ters of a change of address, or of 
company position or affiliation, 
please mention the Branch of the 
Institute to which you belong— 
Mining, Metals, or Petroleum. This 
will make for a more expeditious 
handling of the change and will 
facilitate the preparation of vari- 
ous reports. A new Directory will 


President Young has already vis- 
ited the Oklahoma City, El Paso 
Metals, Southwestern New Mexico, 
Carlsbad Potash and San Juan Sec- 
tions of the AIME. Members in the 
following areas will have a chance 
to meet him as he continues his 
tour: 


Oct. 1. Colorado School of Mines 


4. Southeast Section, ~Bir- 
mingham 

5. Univ. of Alabama, Tusca- 
loosa 

6. Petroleum Branch, San 
Antonio 


New Mexico School 
Mines, Socorro 
Colorado Section, Denver 
Utah Section, Salt Lake 

City 
Montana Section, Butte 
Columbia Section, Wal- 
lace 
Univ. of Idaho and Wash- 
ington State Student 
Chapters, Moscow 
North Pacific Section, Se- 
_ attle 
CIMM meeting, Van- 
couver 


of 


PRESIDENT YOUNG ON TOUR 


on Oct. 1. The AIME wishes him 
every success in his new post and 
anticipates a continuation of the 
fine fraternal spirit and co-opera- 
tion that has characterized rela- 
tions between our two institutes. 


20-21. Southern California 
Section, Los Angeles 


26. Coal Division, French 


Lick 
27. Illinois Inst. of Tech., 
forenoon. 
27. Univ. of Wisconsin, after- 
noon 
28. Michigan College of 


Mines, Houghton 
Upper Peninsula Section, 
Ishpeming 
Boston Section 
8. Tri-State Section, Joplin 
(Tentative) 
9. Kansas Section, Wichita 
Arizona Section, Tucson 
Lehigh Valley Section 
Luncheon (Tenta- 
tive) 


29. 


Dec. 7. New York Section 
15. Coal Mining Institute, 
Pittsburgh 
Jan. 9. Delta Section 
10. Gulf Coast Section 
11. North Texas Section 
16. East Texas Section 


(Above Jan. dates tenta- 
tive) 
Ohio Valley Section 


—_—_—_—____—_—+—_——ersonals 


John Eliot Allen has joined the de- 
partment of geology at the New 
Mexico School of Mines, Socorro. 
He had been at Penn State. 


J. W. Allingham, 509 7th St., Calu- 
met, Mich., is a geologist with the 
U. S. Geological Survey. 


H. I. Altshuler has left Peru, where 
he was general manager of the 
Vanadium Corp. of America, to take 
the post of general manager for 
Frontino Gold Mines Ltd. in Colom- 
bia, now under the technical direc- 
tion of the Gold Fields American 
Development Co., of London and 
New York. Mr. Altshuler’s new ad- 
dress is care of Frontino Gold Mines 
Ltd., Segovia Antioquia, via Otu, 
Colombia. 


Robert B. Anderson is on a year’s 
leave of absence from the Inland 
Steel Co. to get a degree in electrical 
engineering at VPI. 


Robert H. Arndt is a professor in 
the department of geology at the 
University of Arkansas, Fayette- 
ville, Ark. 


H. J. Ashe, recent graduate of the 
Colorado School of Mines, has a job 
with the Inspiration Copper Co. His 
address is Box 96, Inspiration, Ariz. 


L. J. Barraclough, chief mining en- 
gineer to the 3,000 - ton - per - day 
Indian coal company, Messrs. An- 
drew, Yule & Co., visited the States 
on business and as the delegate of 
the Mining, Geological and Metal- 
lurgical Institute of India to the UN 
Conference on the Conservation and 
Utilization of Natural Resources in 
August. An authority on hydraulic 
stowage in Indian mines, he holds 
several government appointments. 

Mr. Barraclough left New York 
on his way home early in Septem- 
ber after visiting coal mining prop- 
erties in Pennsylvania. He suggests 
that any AIME members wishing to 
visit India should get in touch with 
P. K. Ghosh, Honorary Secretary of 
the Mining and Geological Institute 
of India, care Geological Survey of 
India, Calcutta, who will arrange 
for a proper reception. 


H. L. Batten, who for some years 
has been consulting engineer for 
Canadian Exploration, Ltd, and 
manager of the Emerald Tungsten 
Project, Salmo, B. C., has estab- 
lished an office at 704 Birks Bldg., 
Vancouver, B. C., and will carry on 
a general consulting practice special- 
izing in development projects in 
British Columbia. ; 


Jaceb P. Berry for the past two 


years had been general superin- 


tendent of Moccasin Mines, Ltd., at 
Watson Lake, Yukon Territory. Re- 
cently he resigned this post to be- 
come manager of the United Mining 
and Dredging Co. operating in the 
Cariboo area of British Columbia. 


J. J. Kelleher 


J. J. Kelleher has been made as- 
sistant sales manager, a newly 
created post, for the Hercules 
Powder Company’s explosives de- 
partment. For several years he was 
manager of the Company’s contrac- 
tors division. He has worked on 
some of the major construction jobs 
in the country. 


Dwight L. Harris 


Dwight L. Harris resigned as as- 
sistant professor of metallurgy in 
the School of Mines at Washington 
State to continue graduate work at 
MIT. A research assistantship at 
the Institute in radioactive tracer 


investigations has been granted him. 
He expects to complete work for a 
doctorate at the same time. 


J. T. Boyd has an avocado grove 
near Carlsbad, Calif., and although 
somewhat slowed down by Parkin- 
son’s disease, has been making mine 
examinations in California, Nevada, 
and Mexico. 


Walter W. Bradley married the 
former Mrs. John R. Roberts last 
April. While on a trip to the East 
Coast in August they stopped in at 
AIME headquarters. 


Lloyd D. Brownson is assistant to 
the engineers of the U. S. Smelting 
Refining and Mining Co., at Lark, 
Utah. 


E. L. Bruce, Miller Memorial pro- 
fessor and head of the department 
of geology at Queen’s University, 
Kingston, Ont., has been elected 
vice-president of the Society of 
Economic Geologists for 1950. 


R. D. Bradford, of San Francisco, 
has been named general manager of 
the Utah department of the Anmieri- 
can Smelting and Refining Co., suc- 
ceeding W. J. O’Connor, who retired 
on May 1. Mr. O’Connor had served 
AS&R for 39 years, and spent 32 of 
them in Utah. Mr. Bradford joined 
the Company in 1926, and has 
worked in its New York, East Hel- 
ena, Mont., and El Paso, Texas, op- 
erations. 


J. Ross Clare, formerly with the 
Lamaque Mining Co., can now be 
reached in care of the Canadian 
Johns Manville Co., Matheson, Ont. 


Frank A. Colbert is in Rancagua, 
Chile, working as junior mine shift 
boss for the Braden Copper Co. 


W. A. Coster, formerly with the 
Demerara Bauxite Co., is carrying 
out an assignment for the Afghani- 
stan Government. 


Robert I. Davis is working for Cia. 
Minera Sta. Maria del Oro, Sta. 
Maria del Oro, Durango, Mexico. 


Danford J. Dodds is employed by the 
Bagdad Copper Corp., Bagdad, Ariz., 
as assayer-chemist. Prospecting is 
good in that area and excitement 
growing over the recent discovery 
of U,O,; at the nearby Hillside mine. 


Murl H. Gidel, chief geologist of the 
Anaconda Copper Mining Co., has 
been elected president of the Alumni 
Association of the Montana School 
of Mines for the ensuing year. 


T. R. Goedicke has left Sherwin 
Kelly Geophysical Services to return 
to the University of North Carolina, 
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Chapel Hill, where he is studying 
for his doctor’s degree in geology. 


Patrick Green, formerly general 
mine foreman for Patifio Mines and 
Enterprises, may be reached tem- 
porarily at home, where his address 
is Box 622, Cashmere, Wash. 


Thomas A. Greene is now an assist- 


OCTOBER 


3 Boston Section, AIME. 

3-4 National Assn. of Corrosion En- 
gineers, Adolphus Hotel, Dallas, 
Texas. 

3-6 Assn. of Iron and Steel Engineers, 
William Penn Hotel, Pittsburgh. 

5 Chicago Section, AIME. R. S. 
Archer on “Temper Brittleness in 
Steels." 

5-7 Petroleum Branch, AIME, fall 
meeting, Plaza Hotel, San An- 
tonio, Texas. 

6 American Iron and Steel Insti- 
tute, Drake Hotel, Chicago. 

7 Columbia Section, AIME. 

10-14 American Society for Testing 
Materials, Fairmont Hotel, San 
Francisco. 

1! Delta Section, AIME. Discussions 
on company organization. 

I! East Texas Section, AIME. 

11-14 American Standards Assn., 
annual meeting, New York City. 

12 El Paso Metals Section, AIME. 

12 Southwestern New Mexico Sec- 
tion, AIME. 

12 San Francisco Section, AIME. 

13 New York Section, AIME. M. L. 
Haider on "Canadian Oil De- 
velopments." 

13 ASME, Metropolitan Section 
Night. 

13-14 Texas Mid-Continent Oil and 
Gas Association, annual meeting, 
Rice Hotel, Houston. 

14 Eastern Section, Open Hearth 
Committee, Iron and Steel Divi- 
sion, annual all-day fall meeting, 
Warwick Hotel, Philadelphia. 

14 Southwestern Section, Open 
Hearth Committee, Iron and 
Steel Division, Kansas City, Mo. 

14 Rio de Janeiro Section, AIME. 

17 Detroit Section, AlME. 

17-19 Institute of Metals Division, 
AIME, fall meeting, Allerton 
Hotel, Cleveland. 

17-21 National Metal Congress and 
National Metal Exposition, Pub- 
lic Auditorium, Cleveland, Ohio. 

17-21 American Society for Metals, 
annual meeting, Cleveland, Ohio: 

17-2! American Welding Society, an- 
nual meeting, Cleveland, Ohio. 

17-23 AIEE, 1949 Mid-West meeting, 
Netherland Plaza, Cincinnati. 

18 Gulf Coast Section, AIME. 

18 Washington, D. C., Section, 
AIME. 

19 Southwest Texas Section, AIME. 

19-20 Society for Non-Destructive 
Testing, Cleveland, Ohio. 

20 Carlsbad Potash Section, AlME. 

20 Utah Section, AIME. 

20-21 S. Calif. Section fall meeting, 
with Petroleum, Mining and 
Metals Branches, Los Angeles. 

2! Oregon Section, AIME. 


ant engineer with the Anaconda Cop- 
per Mining Co., and can be reached 
at 2601 Princeton Ave., Butte, Mont. 


Wm. A. Griffith, having completed 
requirements for a master’s degree 
at MIT, where he was an instructor, 
has taken a job with the New Jersey 
Zine Co. at Palmerton, Pa. 


Coming Meetings 


24-28 Thirty-seventh National Safety 
Congress and Exposition, Chi- 
cago. 

25 Montana Section, AIME. 

26-27 Joint Fuels Conference, ASME- 

: AIME, French Lick Springs Hotel, 

ge French Lick, Ind. 

28 Pittsburgh Section of Open 
Hearth Committee and Pitts- 
burgh Section, AIME, annual fall 
meeting, William Penn Hotel, 
Pittsburgh. 

28 Delta Section, AIME, Hallowe'en 
dance and buffet dinner, Metairie 
County Club, New Orleans. 

28-29 ECPD, annual meeting, Edge- 
water Beach Hotel, Chicago. 

31 Alaska Section, AIME. 


NOVEMBER 


| Society for Applied Spectroscopy, 
New York City. 

1-5 Pacific Chemical Exposition, Cali- 
fornia Section, American Chemi- 
cal Society, San Francisco Civic 
Auditorium. 

2 Chicago Section, AIME. Ladies 
Night. J. P. Skinner on "Syn- 
thetic Sapphire." 

2-4 American Society of Civil Engi- 
neers, fall meeting, Washington, 
Dac 

4 Columbia Section, AIME. 

7 Boston Section, AIME. 

7-10 AIChE, annual meeting, Pitts- 
burgh, Pa. 

7-12 International congress on tunne! 
driving in rock formation, organ- 
ized by the Societe de I'Industrie 
Minerale. Information on meet- 
ing available from French Mining 
Mission, 1322 I8th St, N. W., 
Washington, D.C. 

8 Delta Section, AIME. Problems 
of offshore drilling. 

8 East Texas Section, AlME. 

8-11 Industrial Minerals Division, 
AIME, Tampa, Fla. 

9 El Paso Metals Section, AIME. 

9 San Francisco Section, AIME. 

9 New York Section, AIME. Ladies 
Night. C. Goodman on "Atomic 
Energy." 

10-11 National Air Pollution Sym- 
posium, Huntington Hotel, Pasa- 
dena, Calif. 

10-14 ASTM, first Pacific area na- 
tional meeting, San Francisco, 
Calif. 

11-12 Central Appalachian Section, 
AIME., and W. Va. Coal Mining 
a Summit Hotel, Uniontown, 

a, 

1! Rio de Janeiro Section, AIME. 

12-14 Geological Society of America, 
annual meeting, Hotel Cortez, 
EI Paso. 

14 Arizona Section, AIME, annual 
meeting, Pioneer Hotel, Tucson. 
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Donald R. Haake, tormerly in the 
production department of the Roch- 
ester & Pittsburgh Coal Co., has 
gone to Wheeling, W. Va., as indus- 
trial engineer for the Valley Camp 
Coal Co. 

George R. Haataja can now be 
reached in care of the Braden Cop- 
per Co., Rancagua, Chile. 


15 Gulf Coast Section, AIME. 

15 Washington, D. C., Section, 
AIME. 

16 Southwest Texas Section, AIME. 

16-18 Industrial Hygiene Foundation, 
14th annual meeting, Mellon In- 
stitute, Pittsburgh. 

16-18 Geological Society of Amer- 
ica, annual meeting, Hotel Stat- 
ler, Washington, D. C. 

17 Carlsbad Potash Section, AIME. 

17 Utah Section, AIME. 

28-Dec. 3. 22nd Exposition of Chem- 
ical Industries, New York City. 


DECEMBER 
4-7 AIChE, national meeting, Pitts- 
burgh, Pa. 


7 American Mining Congress, An- 
nual Business Meeting, New 
York City. 

7-9 Eighth Annual Conference, Elec- 
tric Furnace Steel Commitee, 
Iron and Steel Division, AIME, 
Hotel William Penn, Pittsburgh. 

8-10 Seventh Annual Conference, 
Electric Furnace Steel Commit- 
tee, Iron and Steel Division, 
AIME, Hotel William Penn, Pitts- 
burgh. 


JANUARY 1950 


18-20 American Society of Civil Engi- 
neers, annual meeting, New York. 
30 AIEE, winter meeting, New York. 


FEBRUARY 1950 


10 Southwestern Section, Open 
Hearth Steel Committee, Iron 
and Steel Division, St. Louis, Mo. 

12-16 Annual Meeting, AIME, Statler 
Hotel, New York City. 


APRIL 1950 


4-7 Nat'l Assn. of Corrosion Engi- 
neers, St, Louis. 

10-12 Open Hearth Conference, and 
Blast Furnace, Coke Oven and 
Raw Materials Conference, Neth- 
erlands Plaza Hotel, Cincinnati. 

19-21 American Society of Civil En- 
gineers, spring meeting, Los An- 
geles. 

23-26 American Ceramic Society, 
annual meeting, New York City. 

24-26 AMC Coal Convention, Neth- 
erlands Plaza Hotel, Cincinnati, 


Ohio. 


DECEMBER 1950 


7-9 Electric Furnace Steel Con- 
ference, Iron and Steel Div., 
Hotel William Penn, Pittsburgh. 


APRIL 1951 


2-4 Open Hearth and Blast Furnace, 

Coke Oven and Raw Materials, 
Conference, Iron and Steel Divi- 
sion, Statler Hotel, Cleveland, O. 


Daniel A. Jones is employed by the 
Territory of Alaska as assayer and 
mining engineer at the Nome assay 
office. Most of the summer was 
Spent in examinations and examin- 
ing samples to assay during the 
winter. It is his job to help further 
in every way possible the mining 
industry in northwestern Alaska. 


Peter Joralemon completed his 
studies at Harvard, receiving a doc- 
tor’s degree in geology, and is now 
working as a geologist for Getchell 
Mine, Red House, Nev. 


Lou D. Jordan, formerly general 
superintendent of the Consolidated 
Mines for the Benguet Consolidated 
Mining Co. in the Philippines, has 
returned to the Western Hemisphere 
to work for the San Francisco Mines 
of Mexico at San Francisco del Oro, 
Chihuahua. 


Thomas F. Kearns was reelected last 
May as president of the Silver King 
Coalition Mines. At the same time, 
James Ivers became vice-president 
and general manager, and M. G. 
Heitzman took over as manager of 
operations. 


L. Russell Kelce of Kansas City has 
been elected to serve as a director 
of the National Coal Association. 
Mr. Kelce recently became president 
of the Sinclair Coal Co., and has 
been with that Company since 1924. 


John M. Kerr is now serving as gen- 
eral manager of the Berwind-White 
Coal Mining Co. in Windber, Pa., 
thus moving up from his former 
post as general superintendent. 


Daniel N. Klemme can be reached 
at the Hancock Oil Co. of California, 
2828 Junipero, Long Beach, Calif. 


R. P. Kinkel has resigned as man- 
ager of Buffalo Ankerite Gold Mines, 
Ltd., S. Porcupine, Ont. 


Mack C. Lake has been appointed 
consulting engineer exclusively for 
the Oliver Iron Mining Co. and other 
U. S. Steel Corp. subsidiaries. He 
will deal largely with the company’s 
ore developments in foreign fields. 


Stanley Lefond is working for the 
Mene Grande Oil Co., Apartado 234, 
Maracaibo, Venezuela. 


W. D. Lowry, until recently a geol- 
ogist with The Texas Co. in Cali- 
fornia, has joined the staff of 
Virginia Polytechnic Institute, 
Blacksburg, Va., as associate pro- 
fessor of geology. 


Robert C. McCain is working for 
the Frontier Refining Co. as an as- 
sistant geologist. Mail reaches him 
at Box 574, Durango, Colo. 


I. H. McLean has taken up an ap- 
pointment as a mining engineer in 
India and is addressed care of 
Agent, Central Provinces Manganese 
Ore Co., Nagpur, C.P., India. 


Morris M. Menzies received his de- 
gree in geological engineering from 
the University of British Columbia, 
Vancouver, last spring, worked as 
a junior geologist for the Hudson 
Bay Mining and Smelting Co., and 
returned to Vancouver for post- 
graduate work this fall. 


a 


Paul Klempner 


Paul Klempner and his wife recently 
arrived from Johannesburg, South 
Africa, for an extended tour of the 
United States. Mr. Klempner is a 
consulting engineer and just prior to 
his departure from South Africa he 
designed and supervised the erection 
of an asbestos plant and completed 
a number of surveys including re- 
ports on manganese, chromium, 
tungsten, and gold deposits. 


Charles S. Merriam has been ap- 
pointed head of the Solid Fuels 
Branch of the Mining and Geology 
Division, Natural Resources Section, 
SCAP, replacing Daniel J. Carroll, 
who has been transferred to the 
Economic and Scientific Section of 
SCAP as supervisor of coal produc- 
tion. The two men will co-ordinate 
the efforts of the two sections to 
keep coal production up, as well as 
to improve coal cleaning and prep- 
aration, use of mechanical equip- 
ment so far as is possible and to 
better utilization in Japan. 


Pomeroy C. Merrill has left his post 
with the Eastern Mining and Metals 
Co. in Malaya. An attack of pneu- 
monia forced him to take the first 
boat back to the States. Robert E. 
Tally, Jr., has taken over his job. 


Hugh D. Miser, of the U. S. Geo- 
logical Survey, nationally known 
expert on petroleum geology, re- 
ceived the degree of Doctor of Laws 
at the 75th commencement of the 
University of Arkansas. The cita- 
tion read: ‘your devotion to science 
and your high standards of scholar- 
ship and research have been a con- 
stant source of inspiration. You 
have explored many unknown paths 
of knowledge.” 


James W. Morgan became vice- 
president and general manager of 
the Ayrshire Collieries Corp. on 
Sept. 1. Connected with the coal in- 
dustry since he graduated from 
Lehigh in 1921, he worked for C. A. 
Hughes & Co. until accepting the 
post of assistant to the vice-presi- 


dent in charge of operations of 
Truax-Traer’s Eastern mines in 
1948. 


Alexander R. Mutch, formerly a 
student at Otago School of Mines, 
has the job of assistant geologist on 
a coal survey with the New Zealand 
Geological Survey, Balclutha, N. Z. 


EK. N. Pennebaker expects to be in 
South Africa until the end of the 
year reviewing geological and ex- 
ploration problems for the O’okiep 
Copper Co. 


J. S. Peterson and his wife are on 
a round-the-world pleasure trip and 
will spend the remainder of the 
year in the States on business and 
vacation. Mr. Peterson is vice-presi- 
dent and assistant general manager 
of the Benguet Consolidated Mining 
Co., Baguio, PI. 


R. E. O’Brien, who had been with 
the Mountain City Copper Co., is 
working for the Anaconda Copper 
Mining Co. at Conda, Idaho. 


H. Gordon Poole, who had a year’s 
leave of absence from his post as 
professor of mining engineering at 
the University of Washington, is re- 
turning from Mexico City where he 
was attached to the American Em- 
bassy as a mining and metallurgical 
consultant of the Bureau of Mines 
to the Mexican Government. 


H. N. Propp has been made assistant 
district manager, central territory, 
crusher and process machinery divi- 
sion, Nordberg Mfg. Co. He has 
transferred to Milwaukee, Wis., 
from the San Francisco district of- 
fice where he served as sales engi- 
neer for the past year. 


Norman Phillips recently joined the 
chemical laboratory staff of the re- 
search and development department 
of the Babcock & Wilcox Co. in Alli- 
ance, Ohio. 


James Quigley has completed a 
month’s study of the Marysvale, 
Utah, uranium district for the Cen- 
tennial Development Co. Harold B. 
Spencer is president of Centennial 
and is in charge of the Company’s 
shaft sinking and tunnel driving ac- 
tivities. 

P. H. Reagan, consulting mining en- 
gineer of Hye, Texas, returned from 
Nicaragua and has gone to West- 
ern Australia. He expects to return 
to his office in December. 


Robert St. Clair is employed by the 
Carnegie-Illinois Steel Co. at their 
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Ohio district works as a process en- 
gineer, 


Raymond E. Salvati, operating vice- 
president of the Island Creek Coal 
Co., was elected president of the 
Boston, Mass., Company at the June 
meeting of the board. 


H. Sano, who retired as professor of 
the College of Engineering at Tokyo 
Imperial University to act as direc- 
tor of the Coal Board, is now Emeri- 
tus Professor at the University. As 
director of the Coal Board he en- 
deavored to increase coal production 
in Japan in co-operation with of- 
ficials of the Allied Powers, among 
whom he found many AIME mem- 
bers. 


Hans H. Schou can be reached at 
the Frontino Gold Mines, Ltd., Se- 
govia, Antioquia, Colombia. 


George P. Schubert, since the clos- 
ing of the Copper Range Smelter, 
has taken over as professor in 
charge of shops and drawing at 
Michigan College of Mining and 
Technology. 


Munshi Lal Sethi has been minerals 
adviser to the Government of Jaipur 
since February. Eighteen different 
Indian States have formed the new 
province of United States of Rajas- 
than, covering an area of about 
125,000 sq mi. In June Mr. Sethi 
received appointment as director of 
mines and geology to this new 
province in addition to his duties as 
minerals adviser. 


Joseph G. Sevick graduated from 
the Missouri School of Mines in May 
and has become associated with the 
research department of the zine di- 
vision of the St. Joseph Lead Co., 
Monaca 7, Pa. He lives at 1200 
Penn Ave., New Brighton, Pa. 


A. Ben Shallit has been appointed 
superintendent of Carbonate Mines, 
Inc., Bald Butte, Mont. 


James C. Shields, II, since last 
November has been doing geolog- 
ical field work in Cuba, practically 
all in Oriente Province. He is resi- 
dent geologist for Geological Engi- 
neering Consultants (Cuba), Inc., in 
Havana. 


Carl W. Sinclair retired from the 
staff of John A. Roebling’s Sons Co. 
on July 1. He can be reached now 
at the Galigher Co., 545 W. 8th S., 
Salt Lake City 8. 


L. E. Sinclair has resigned from 
Mount Isa Mines, Ltd., to go to 
New Caledonia, where he will be in 
charge of Establissement Baelande’s 
mining interests in that island. 


James T. Smith, who had been study- 
ing at the University of British 
Columbia, can be reached in care 
of Roan Antelope Copper Mines, 64 
East Rand, Luanshya, N. Rhodesia. 


Francis B. Speaker has transferred 
to the New York City office of 
Hewitt-Robins, Inc. As field engi- 
neer he will work out of the New 
York office for both Robins con- 
veyors division and Hewitt rubber 
division. 

Carsten Steffens has resigned as 
assistant director of Stanford Re- 
search Institute to take the post of 
associate professor of chemistry at 
the University of New Mexico in 
Albuquerque. 


A. George Stern, former chief of 
the western research division of the 
Westvaco Chlorine Products Corp., 
is Pacific Coast manager of the Hey- 
den Chemical Corp., San Francisco. 
His home address is 764 Forest Ave., 
Palo Alto, Calif. 


Edward M. Thomas 


Edward M. Thomas heads the Bu- 
reau of Mines newly established 
roof-control section of the health 
and safety division; the section will 
further the attack on the No. 1 
killer in the nation’s coal mines, fall- 
ing rock and coal. While a major 
project of the new section is the 
adaptation of suspension roof sup- 
port to more general use in mining, 
it will attack all phases of the roof- 
control problem through education, 
investigation, and research. 


John K. Stewart is an engineer in 


training with Hollinger Consoli- 
dated Gold Mines Ltd, Timmins, 


‘Ont. His address in Timmins is 11 


James Ave. 


H. W. Straley, II, consulting geo- 
logical and geophysical engineer, 
after spending a year in eastern 
Oklahoma has moved his office from 
Friendship Station, D. C., to Box 
68, Princeton, W. Va. Temporarily 
he may be reached at 1459 Cameron 
Terrace, Drury Hills, Atlanta, Ga. 


H. S. Taylor, who has been general 
counsel and vice-president in charge 
of mining operations, is the new 
president of the 95-year old iron 
ore, coal, and lake shipping con- 
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cern, Oglebay, Norton and Co. Mr. 
Taylor was engaged in law practice 
for several years before joining the 
Company and is active now in many 
associations. 


Alberto J. Terrones L., after spend- 
ing a 41%, month leave in Mexico 
visiting operations there, returned 
to the Cerro de Pasco Copper Co. 
and his new job of geologist of the 
Cerro de Pasco division. 


Gustave W. Voelzel and his wife 
made a six week trip this summer 
through Canada and New England. 
They visited AIME headquarters in 
New York City and returned to El 
Paso, Texas, by way of Niagara 
Falls. 


J. K. Whatmough was appointed 
mine manager of Starratt Olsen 
Gold Mines, Ltd., Madsen, Ont., on 
June 1. 


J. A. Willcox has a job with the 
Polaris-Taku Mining Co. in Tul- 
sequah, B. C. 


Alexander N. Winchell, after an in- 
teresting year as visiting professor 
of geology at the University of Vir- 
ginia, has returned to his home at 
88 Vineyard Rd., New Haven, Conn., 
where he will resume his editorial 
and consulting work in the field of 
mineralogy and crystallography. 


P. F. Yopes is employed as a mining 
engineer with the safety division of 
the Bureau of Mines, working out 
of the Seattle office. 


—lIn the Metals Branch — 


Edgar C. Bain, vice-president in 
charge of research and technology 
at the Carnegie-Illinois Steel Co., 
will have two medal-receiving days 
in October. On the 19th he will get 
the John Price, Wetherill Medal of 
the Franklin Institute of the State 
of Pennsylvania, awarded for dis- 
covery or invention in the physical 
sciences or for new and important 
combinations of principles or meth- 
ods already known. On Oct. 20 he 
will receive the Gold Medal of the 
ASM (see September Personals). 


C. G. Benson, who has been with 
General Electric since graduation 
from Harvard, helped set up the 
Company’s new plant in Brockport, 
N. Y. The major portion of his 
work has been in manufacturing 
methods and plant layout, with 
some specializing in plastic molding. 


John O. Cartledge recently was pro- 
moted from the post of shift super- 
intendent to assistant works metal- 
lurgist at the Port Pirie works of 
the Broken Hill Associated Smelters 
Pty. Ltd. 


R. H. Covington has changed his 
address from the American Zine Co. 
of Illinois, Dumas, Texas, to the 


American Zine Oxide Co., P. O. Box 
327, Columbus 16, Ohio. 


H. R. Dahlberg has left his post as 
assistant professor of industrial en- 
gineering at Oregon State and has 
joined the Twin City Testing and 
Engineering Laboratory as super- 
visor in the mechanical and metal- 
lurgical department in St. Paul, 
Minn. 


Reginald S. Dean, metallurgical en- 
gineer and consultant of Washing- 
ton, D. C., has moved his offices to 
6000 34th Place, N.W., Washington 
15. Dr. Dean is also president of 
R. S. Dean Laboratories, which has 
just moved into its own laboratory 
and office building at 5810 47th Ave., 
Riverdale, Md., just outside Wash- 
ington. 

Robert A. Eastman has the job of 
chemist at the Great Falls reduc- 
tion works of the Anaconda Copper 


Mining Co. He can be reached at 
821 3rd Ave. S.W., Great Falls, 
Mont. 


John E. Gaus has left the ranks of 
metallurgists to enter the broader 
field of the entire mineral industries 
as curator of the Mineral Industries 
Museum at Penn State. 


Robert E. Hagen is working in the 
research laboratory of the Oliver 
Iron Mining Co. in Duluth, Minn. 


E. Hartshorne has transferred to 
New Haven, Conn., where he is as- 
sistant director of research and de- 
velopment for Winchester Repeat- 
ing Arms Co., division of Olin In- 
dustries. 


Robert H. Jacoby is chief metal- 
lurgist of the Key Co., 2700 
McCasland Ave., East St. Louis, Il. 


T. G. Johnston, Jr., after receiving 
his degree in metallurgical engi- 
neering from Purdue in June, ac- 
cepted the job of junior metallurgist 
in the metallurgical department of 
the National Tube Co. in Lorain, 
Ohio. 


Jerome W. Kaufman, a recent Le- 
high graduate, has a job as metal- 
lurgist at the Naval Air Material 
Station, Johnsville, Pa. 


William C. Leslie, who has been a 
student at Ohio State, is working 
in the research laboratory of the 
U.S. Steel Corp. at Kearny, N. J. 


Francis F. Lucas has retired from 
the Bell Telephone Laboratories. He 
can be reached at his home, 245 
Rutledge Ave., East Orange, IN pigiel 


N. E. Nilsen has been promoted to 
‘chief general manager of the Em- 
peror, Loloma and Dolphin Mining 
Companies, with headquarters in 
Melbourne, Australia. Former gen- 
eral manager of the companies’ 
properties at Vatukoula, Fiji, he 
will spend about half his time there. 


Elliott S. Nachtman has been named 


instructor in metallurgical engineer- 
ing at the Illinois Institute of Tech- 
nology. He had served as a chemist 
for the Harshaw Chemical Co. and 
held a similar job with the Argonne 
National Laboratory. 


Donald M. Liddell catches up with the 
news; the man behind him is unknown. 


Donald M. Liddell returned to New 
York City in August after a 2% 
months’ professional trip to Eng- 
land and the Continent, which 
included participation in the Empire 
Mining and Metallurgical Congress. 


Eric G. Peterson 


Eric G. Peterson has been appointed 
general manager of the Peabody 
Engineering Corp., New York City, 
and will continue as general sales 
manager of all the Company’s prod- 
ucts in all divisions. Already known 
as one of industry’s leading designers 
of combustion equipment, Mr. Peter- 
son’s new duties will broaden his 
supervision and interest to include 
the activities and welfare of all the 
Peabody offices and subsidiaries 
throughout the world. 

Fred D. Rosi, formerly at the Ham- 
mond Metallurgical Lab., Yale, is 


now reached at the Research Lab- 
oratories, Sylvania Center, Bayside, 
Ib, Ih IN, NE 


John W. Pugh is with the General 
Electric Co. Rm: 522; Bide. 5, 
Schenectady, N. Y. 


Waldemar P. Ruemmler has _ suc- 
ceeded G. E. Johnson as manager of 
the East Chicago plant of the Hagle- 
Picher Co. He joined Eagle-Picher 
in 1948 and has been successively in 
charge of research and development, 
and acting superintendent at East 
Chicago. Prior to this affiliation he 
was associated with Battelle Me- 
morial Institute. 


Edgar Sengier, managing director 
and chairman of the executive com- 
mittee of Union Miniere du Haut- 
Katanga, has been honored by the 
French Government with the order 
of Commander of the Legion of 
Honor. This high decoration, to- 
gether with the U. S. Medal for 
Merit and the Commander of the 
British Empire previously conferred, 
are in recognition of the outstand- 
ing services rendered by Mr. Sen- 
gier during the war years to 
Belgium’s three great allies. 


Morris A. Steinberg has been made 
a member of the board of directors 
of Horizons, Inc., of Princeton, N. J., 
and Cleveland, Ohio. The war had 
interrupted his studies, but after 
receiving his doctorate in physical 
metallurgy in July of 1948 he joined 
Horizons, Inc., and in March 1949, 
was appointed head of the metal- 
lurgy division. 


John E. Stukel, Jr., has joined the 
operating department of the Youngs- 
town Sheet and Tube Co. as a de- 
velopment engineer. He was as- 
sistant professor at Carnegie In- 
stitute of Technology. 


John M. Thomas, research associate 
at the University of Michigan, has 
a new address at 3147 Vassar St., 
Dearborn, Mich. He is metallurgical 
engineer with the Hoskins Mfg. Co., 
of Detroit. 


George H. Thurston, formerly with 
American Smelting and Refining at 
Selby, Calif., is now metallurgist 
with the Hall-Scott motor division, 
ACF-Brill in Berkeley. 


William V. Ward, who has been 
with the Division of Industrial Co- 
operation at MIT doing research 
work sponsored by the Atomic 
Energy Commission during the 
summer, plans this fall to enroll in 
the graduate school at MIT to 
start work towards the degree of 
science doctor in metallurgy. His 
wife and son accompanied him to 
Massachusetts from the University 
of Arizona with which he was con- 
nected in a student-instructor capac- 
ity. Their new address is 349 West- 
gate West, Cambridge, Mass. 
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W. E. Mahin 


W. E. Mahin, chairman of metals 
research at Armour Research 
Foundation of the Illinois Institute 
of Technology, has been named di- 
rector of research. He heads a 
group of 411 scientists, engineers, 
and technicians who are working on 
125 active research projects for in- 
dustrial and government sponsors. 
For ten years previous to his join- 
ing the Research Foundation in 
1947, Mr. Mahin was in charge of 
metallurgical engineering at the 
Westinghouse Electric Corp., Pitts- 
burgh. 


Ervin E. Underwood, after obtain- 
ing his B.S. degree in metallurgical 
engineering at Purdue, has moved 
to MIT for graduate work in their 
school of metallurgy. 


B. H. Wadia has gone to Oroya, 
Peru, to work for the Cerro de Pasco 
Copper Co. 


—lIn Petroleum Circles — 


Roy F. Beery, Jr., formerly with the 
Shell Oil Co., has become division 
superintendent for the Danciger Oil 
and Refining Co., Norman, Okla. 


George W. Burgess, junior exploita- 
tion engineer with the Shell Oil Co., 
can be reached in care of the Com- 
pany, Box 488, Denver City, Texas. 


Rowert A. Coleman is a petroleum 
engineer trainee with the Gulf Oil 
Corp., with a mailing address at 
General Delivery, Kermit, Texas. 


James Terry Duce is now residing 
in New York City, having moved 
from Washington, D. C., when 
executive offices of the Arabian 
American Oil Co., of which he is a 
vice-president, were established in 
the former city. 


Thomas M. Esmond, who graduated 
from Texas Tech with a BS. degree 
in petroleum geology last May, is 
employed by R. C. Lipscomb Oil 
Producer in San Antonio, Texas, as 
a geologist. 


Martin Felsenthal joined the Con- 
tinental Oil Co at Ponca City, Okla., 
on Aug. 1, to work as research en- 
gineer in the production laboratory 
of the Company’s research and de- 
velopment department. Recently he 
received his M.S. degree in petro- 
leum engineering from Penn State. 


Lester S. Grant went into full re- 
tirement as vice-president of the 
Franco Wyoming Oil Co. and vice- 
president and manager of McElroy 
Ranch Co. on June 1. In July he 
and Mrs. Grant made a three week 
pleasure trip to Alaska and expect 
to attend the 75th anniversary of 
the Colorado School of Mines. He 
can be reached care of McElroy 
Ranch Co., Box 912, Midland, Texas. 


Diego Henao-Lindofo is with the 
Servicio Geoldgico Nacional de Co- 
lombia, Bogota, as a geologist. 


Herbert A. Koch 


Herbert A. Koch, general sales en- 
gineer for Dowell Incorporated in 
Tulsa, has been appointed head of 
the Fort Worth, Texas, office. Sales 
co-ordinator in the Fort Worth- 
Dallas area, he will have special 
responsibilities throughout Texas, 
Louisiana, and New Mexico. An 
alumnus of the University of Okla- 
homa, Mr. Koch has been with 
Dowell since 1944 and has received 
special training with the Company 
in electric pilot services. 


Bart W. Gillespie is general man- 
ager for the Mexican American In- 
dependent Co., Reforma No. ile 
Despacho 204, Mexico, D.F., Mexico. 


William R. Goodier, formerly as- 
sociated with the Shell Oil Co. in 
Great Bend, Kans., is now employed 
by the Barnsdall Oil Co., Newhall, 
Calif., as a petroleum engineer. 


J. T. Holten, Jr., recent graduate of 
the University of Oklahoma, is 
working as an engineer for the Mid- 
Continent Petroleum Corp., Semi- 
nole, Okla. 
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M. King Hubbert, associate director 
of research of the Shell Oil Co. ex- 
ploration and production research 
laboratory, served as a U. S. dele- 
gate to the United Nations Scientific 
Conference on Conservation and 
Utilization of Resources held at 
Lake Success, N. Y., Aug. 17 to 
Sept. 6. 

Robert K. James is working at 
Eunice, N. Mex., as a petroleum en- 
gineer trainee with the Magnolia 
Petroleum Co. 

Howard F. Johnston, district geolo- 
gist for the Quaker State Oil Re- 
fining Corp., has been transferred 
from Newark, Ohio, to the newly 
opened production offices at Parkers- 
burg, W. Va. 

Paul S. Johnston has taken the post 
of professor of petroleum engineer- 
ing at Texas Technological College, 
Lubbock, Texas. 

Norris Johnston has been named 
president of the consulting firm 
Petroleum Technologists, Ine., in 
Montebello, Calif. For the past ten 
years he had been chief physicist in 
charge of production research for 
the General Petroleum Corp. Dur- 
ing this period he was assigned to 
Socony-Vacuum to set up their 
Dallas production research labora- 
tories. 


Gordon H. White recently resigned 
from the Shell Oil Co. to join the 
ranks of the independent operators. 
He has incorporated his own com- 
pany under the name of the Niles 
Oil Co., with headquarters at 1406 
M & W Tower Bidg., Dallas, Texas. 


’ His work with Shell had taken him 


to many of the oil producing areas 


Gordon H. White 


of this country; in 1938 he was sent 
to the Hague, Holland, returning to 
the Houston office in mid-1939. 

Eugene L. Davis, formerly general 
production superintendent for the 
Signal Oil and Gas Co., Los Angeles, 
has accepted the post of project 
manager of the Arctic Contractors, 


Eugene L. Davis 


Fairbanks, Alaska. The Arctic Con- 
tractors, under contract to the Navy, 
are conducting oil exploration ac- 
tivities in Naval Petroleum Reserve 
No. 4, Point Barrow, Alaska. 


M. C. Leverett joined the NEPA 
(nuclear energy for the propulsion 
of aircraft) project at Oak Ridge, 
Tenn., as its technical director in 
June. The NEPA project is a divi- 
sion of the Fairchild Engine and 
Aircraft Corp. and its work is under 
the U. S. Air Forces. Mr. Leverett 
was formerly research associate with 
the Humble Oil and Refining Co. 


Arthur Maddox has been transferred 
from the International Petroleum 
Co., Barcelona, Venezuela, to the 
Carter Oil Co. in Tulsa, Okla. 


Melford F. Rabalais has changed his 
mailing address to Kerr-McGee Oil 
Industries, Inc., Sunray, Texas. 


Glenn Nelle has joined the General 
Petroleum Corp. as assistant man- 
ager of Rocky Mountain operations. 
Mr. Nelle had been in Venezuela 
with Socony-Vacuum. 


E. E. Rehn has announced his resig- 
nation as division geologist of the 
Western Division of the Sohio 
Petroleum Co., and is returning to 
Evansville, Ind., to open consulting 
geological offices at 308 Grein Bldg. 


Bruce H. Sage, professor of chemical 
engineering at California Institute 
of Technology, was given the new 
$1,000 Precision Scientific Co. award 
in petroleum chemistry at the re- 
cent national meeting of the Ameri- 
can Chemical Society. He is credited 
with having significantly enlarged 
the recoverable natural oil resources 
of the country during his nineteen 
years of research. 


N. van Wingen, professor of petro- 
leum engineering of the University 
of Oklahoma, has resigned to join, 
as vice-president, the consulting 
firm, Petroleum Technologists, Inc., 
in Montebello, Calif. Prior to join- 


ing the University staff, he had been 
associated for nine years with the 
Richfield Oil Corp. 


Herbert N. Wade is with The Texas 
Co. in Buckeye, N. Mex., as an en- 
gineer trainee. 


Theodore G. Ward, Jr., has taken 
the job of junior engineer with the 
Atlantic Refining Co., Dallas, Texas. 


David B. Wilke, Jr., after gradua- 


Charles Worth Fowler, Jr. (Member 
1942), president of United Oilwell 
Service, Caracas, Venezuela, died 
Sept. 30, 1948. He was 49 years old. 
Most of Mr. Fowler’s career was 
spent in Mexico and South America; 


Charles W. Fowler, Jr. 


he had been with the Mexican Gulf 
Oil Co., Yacimientos Petroliferos 
Fiscales, Argentina, and the Pan- 
tepec Oil Co. of Venezuela. He was 
also a junior member of Brokaw, 
Dix, Garner & McKee. 


Paul Armitage (Member 1918), 
noted corporation lawyer and an ex- 
pert in taxation practice, died on 
June 28. Mr. Armitage was a mem- 
ber of the law firm of Armitage and 
Holloway in New York City, which 
firm had been counsel to the Wool- 
worth Estates, the United Verde Ex- 
tension Mining Co., the G. R. Kinney 
Co., to name but a few. Mr. Armi- 
tage graduated from Columbia Uni- 
versity in 1894 and from Columbia’s 
Law School two years later. He was 
admitted to the bar in the same 
year, and, in 1905, admitted to prac- 
tice before the U. S. Supreme Court. 
Mr. Armitage, a champion figure 
skater in his youth, was a founder 
of the New York Skating Club. He 
was also a member of the Academy 
of Political Science, the American 
Bar Association, and a director of a 
number of firms. 
Percy A. E. Armstrony (Member 
1924), a leader in the devciopment 


Obituaries 


tion from the University of Kansas 
with a B.S. degree in petroleum en- 
gineering, was employed by the 
Skelly Oil Co. He is working in 
their New Mexico district and can 
be reached at Drawer D, Hobbs, 
N. Mex. 


Walter L. Williams is an engineer 
trainee with American Republics 
Corp., Silsbee, Texas. His address 
there is P. O. Box 451. 


of stainless steel, died on Aug. 7 
after a long illness. Born and edu- 
cated in England, he came to this 
country 30 years ago. Nationally 
recognized for his work in metal- 
lurgy, he was an early developer of 
stainless steel and held more than 
100 patents on steel alloys. Mr. 
Armstrong was a vice-president and 
general manager of the Allegheny 
Ludlum Steel Co. 


William Albert Baueris (Member 
1936), mining engineer of Seattle, 
Wash., died on Feb. 23 at the age of 
65. Mr. Baueris had a long and 
varied career in exploration, mining, 
construction, and manufacturing. It 
began in 1900 when he worked for 
five years as a structural draftsman 
and field superintendent for the Chi- 
cago Bridge and Iron Works. In 
1909, he graduated from the Mis- 
souri School of Mines, did some geo- 
logical reconnaissance, worked in 
the Homestake mine for a year, and 
then spent twelve years with the 
Puget Sound Bridge & Dredging Co. 
in Seattle. From 1922 to 1925 his 
were various activities associated 
with gold mining, and 1936 found 
him examining Bonanza Creek and 
Ungalik River deposits in the Nor- 
ton Sound area of Alaska. Later, 
he headed the Ungalik Syndicate, 
finally retiring in 1942. 


William Bell (Member 1936), of 
Robinson, Ill., is dead. Mr. Bell, who 
was born in Franklin, Pa., on Aug. 
29, 1874, had been an independent 
owner and operator of oil producing 
properties in Pennsylvania, West 
Virginia, Indiana, and Illinois, for 
the past 50 years. 


Necrology 
Date 


Elected Name Date of Death 


1897 Thomas J. Barbour Unknown 
1914 Z. T. Crittenden March 25, 1949 
1946 Henry Davenport Unknown 
1933 Carl Erickson June 28, 1949 
1919 Charles T. Evans May 13, 1949 
1938 Dwight H. Fortine Aug. 3, 1949 
1944 Russell J. Parker Sept. 9, 1949 
1928 R. C. Patterson April 3, 1949 
1920 E. T. Stannard Sept. 9, 1949 
1926 Arthur D.Storke Sept. 9, 1949 
1939 W. W. Taylor Unknown 
1920 C. Erb Wuensch Aug. 27, 1949 
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Walter Frederic Bart Berger (Mem- 
ber 1907), died on June 6. Born in 
Denver in 1877, he attended the 
Colorado School of Mines for a year 
after graduating from Yale. He 
spent:some time in Japan for the 
Chipman Chemical Co. and upon his 
return opened an office in New York 
City. He later moved to Denver to 
form the partnership of Berger & 
Sayre, mining engineers, and subse- 
quently practiced independently. In 
recent years his home was in Vic- 
jwopials). 183, (Cp 


Walton Ambrose Bishop (Member 
1945), died on June 10. He was 73 
years old. Mr. Bishop had been with 
the Pocahontas Fuel Co., in Poca- 
hontas, Va., for the past 43 years, 
and when he died, was the firm’s 
chief engineer. Mr. Bishop was born 
in Snowville, Va., and was familiar 
with “Snowville wood, iron, steel, 
textile and grain mill machinery, 
from childhood.” He was, for two 
years, operating engineer for the 
Radford Light and Power Co., then 
worked as an electrical engineer 
with the Virginia Iron Coal and Coke 
Co. before joining Pocahontas, in 
1901. 


Thomas Clark Botterill (Member 
1942), died on June 15, at the age 
of 56. Mr. Botterill was a Canadian 
citizen although he was born at 
Rock Springs, Wyo. He pursued 
various studies in civil and mining 
engineering, and began his career 
as a draftsman in 1907. The next 
25 years found him working as an 
engineer or superintendent on 12 
different Canadian mining proper- 
ties, including the Brittania Mining 
and Smelting Co., the Pacific Con- 
struction Co. In 1932 he formed his 
own consulting business, and from 
1932 until his death his activities 
included both consulting and man- 
agement work for numerous firms in 
British Columbia. His last position 
was managing director for the Hed- 
ley-Monarch Gold Mines in Van- 
couver. 


John R. Comstock (Member 1920), 
general superintendent of the Pitts- 
burgh Coke & Chemical Co. since 
Dec. 20, 1943, died suddenly July 14, 
1949, at the Neville Island plant of 
the Company. 

Mr. Comstock’s outstanding per- 
sonality and long association in the 
Merchant Blast Furnace field had 
given him a host of admiring friends 
and a national reputation in blast 
furnace operation. 

A graduate of Stevens Institute 
of Technology in 1911 with a me- 
chanical engineering degree, Mr. 
Comstock started his steel expe- 
rience with the Pennsylvania Steel 
Co. at Steelton, where he became 
assistant superintendent of blast fur- 
naces. In 1921 he was made as- 


sistant general manager of the 
Wanna Furnace Co. at Cleveland, 
and served in that capacity until 
1931. In 1933 he was appointed 
general superintendent of the Globe 
Iron Co. at Jackson, Ohio, until 
1943 when he became associated 
with the Pittsburgh Coke & Chem- 
ical Co. He was 58 years old at 
the time of his death. 


George Bradstreet Dodge (Member 
1939), vice-president of the Ameri- 
can Rubber Mfg. Co., San Francisco, 
died in 1948. Born in Waukeegan, 
Tll., in 1880, he held various posts in 
the East and in 1906 became vice- 
president of the Western Belting 
Hose Cco., the Lightning Hose Rack 
Co. and American Rubber, which 
later absorbed Western and Light- 
ning. 


Louis W. Huber 


Louis W. Huber (Member 1937), 
vice-president of the National Mine 
Service Co., died Aug. 17, 1949. The 
suddenness of his death was a dis- 
tinct shock to his many friends and 
associates in many mining fields of 
the country. 

Born in Paris, Ill., May 13, 1899, 
his mining experience began early 
in life when he was but 15 years of 
age. He did everything there was 
to do in the underground operation 
of a coal mine from trapping and 
driving mule, on through coal load- 
ing, timbering, undercutting, elec- 
trical and mechanical repairs, main- 
tenance, to face bossing in order to 
pay his own way through high school 
and college. All this practical un- 
derground work stood him in good 
stead later in life. 

For two years after graduating 
from the University of Illinois in 
mining engineering in 1921, Mr. 
Huber was engaged in research work 
on mine ventilation and part-time 
teaching at his Alma Mater. Then 
he took the job of mine ventilation 
engineer in the Midwest for the B. 
F. Sturtevant Co. The fall of 1924, 
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he joined the faculty of Carnegie In- 
stitute of Technology to teach min- 
ing engineering in the department of 
mining and metallurgy. 

Four years later he became asso- 
ciated with Mine Safety Appliances 
Co. as sales representative in Cin- 
cinnati, Ohio, and steadily pro- 
gressed in his work and responsibili- 
ties to become district manager. His 
service with this company extended 
over a period of 20 years, from 1928 
to 1948. 

On May 1, 1948, Mr. Huber was 
elected vice-president of National 
Mine Service Co. in charge of its 
two divisions in Kentucky, and all 
field operations and representatives 
in the states of Kentucky, Tennes- 
see, Illinois, and Indiana. His home 
and headquarters for many years 
were in Lexington, Ky. 

A foremost authority on mine ven- 
tilation, his services as a consultant 
were widely sought. In safety work, 
he served untiringly, and he was 
known throughout the country for 
his active participation and leader- 
ship in rescue work following many 
mine disasters. 


Tore Flygare (Member 1947), Swe- 
dish mining engineer, died in No- 
vember, 1947. Mr. Flygare, who had 
an E.M. degree from the Royal Uni- 
versity of Technology in Stockholm, 
had been with Philippine Iron Mines 
for four years. In 1941 he joined 
the International Engineering Corp. 
in Manila, and at the time of his 
death was working with the Boliden 
Mining Co. in Boliden, Sweden. 


Emil Gathmann (Member 1913), 
president of the Gathmann Engi- 
neering Co., the Gathmann Research 
Laboratories, Cantonsville, Balti- 
more, Md., former head of the Beth- 
lehem Steel Company’s ordnance de- 
partment, inventor of note, died on 
Aug. 23. Holder of more than 100 
patents for various types of metal 
he developed, he had invented a type 
of depth bomb to be used against 
submarines; many of his patents re- 
lated to naval ordnance, particularly 
for fuses. A native of Chicago, 
where he was born in 1874, Mr. 
Gathmann went to Baltimore in 1909 
after starting an engineering firm 
in New York. 


Virgil O. Harris (Member 1943) is 
dead. Born at Bison, Okla., in 1907, 
he took his B. S. degree from Okla- 
homa University. Following gradu- 
ation he joined the staff of the 
Humble Oil and Refining Co., with 
which he was associated at the time 
of his death. 


Joseph Samuel Henry (Member 
1918), mining engineer of Castle- 
maine, Vic., Australia, died on 
March 26. He was 73 years old at 
the time of his death. He received 
his technical education in Australia, 


at the Technical College of Geelong 
in Victoria, worked for a time in 
London, and then was engaged in 
tin dredging operations in Siam and 
Australia. In recent years, before 
his retirement, he was a consulting 
engineer to the Austral Malay group 
and other companies ‘“‘down under.” 


William D. Mark 
An Appreciation By W. W. LyYTzEN 
William D. Mark (Member 1928), 
aged 44, mining engineer for the 
RFC, died suddenly of a heart at- 
tack on June 16 at his home in 
Chevy Chase, Md. 

Bill joined the geological depart- 
ment of the Anaconda Copper Min- 
ing Co. at Butte, after graduating 
from the Idaho School of Mines, and 
in 1933 went to South America with 
the Cerro de Pasco Copper Co. as a 
geologist. Upon his return to this 
country he joined the RFC as field 
representative in Boise, Idaho, and 
Spokane, Washington, and for the 
past 13 years has been with the 
Washington Office of that Corpora- 
tion. 

Bill Mark was highly regarded, 
not only for his great personal in- 
tegrity, but also for his integrity 
and ability in his profession. His 
sudden death came as a shock to his 
associates and many friends. 


Walter Miller (Member 1918), of 
Ponca City, Okla., is dead. Mr. Mil- 
ler was a vice-president of the Con- 
tinental Oil Co. in that city. Born 
in Switzerland in 1881, Mr. Miller 
had little formal education and 
worked, until 1909, as a machine 
hand, blacksmith’s helper, book- 
keeper, and cost accountant, at 
which time he joined the Tidewater 
Oil Co. in Bayonne, N. J. He began 
there as a clerk, and within eight 
years had advanced to process su- 
perintendent. In 1919 he became a 
consulting refining engineer in Tulsa, 
and two years later joined the Mar- 
land Refining Co. in Ponca City, as 
manager of manufacturing. In 1930 
he went with Continental Oil. 


Clarence J. Peterson (Member 1916), 
died on May 8. Born in Honolulu, 
T. H., in 1885, Mr. Peterson received 
an A.B. degree in geology and min- 
ing from Leland Stanford Junior 
University in 1910, and spent the 
first six years of his career doing 
exploration work in Venezuela for 
‘the Bermudez Co. of Trinidad, and 
as an examining mining engineer 
for the Tonopah Mining Co. in Ne- 
vada. He then served as a geologist 
with such firms as the Empire Gas 
and Fuel Co. and the Cities Service 
Gas Co. until 1930, when he joined 
the Texoma Natural Gas Co. in 
Amarillo, Texas, as chief geologist. 
"He held this position at the time of 
his death. Se GAGE 


age 
- 
aa 


Victor H. Wilhelm (Member 1921), 
Captain USNR, died at the Long 
Beach Naval Hospital on July 7 
after an illness of several months. 
He was 63 years of age, graduated 
as a geologist and mining engineer 


Victor H. Wilhelm 


from Stanford University in 1907, 
and followed mining and oil all of his 
life. After some years spent in all 
of the western states, Mexico, Can- 
ada, and Alaska, he settled down in 
California and was one of the early 
petroleum engineers of the State, 
being well known as an engineer and 
deputy supervisor with the Califor- 
nia State, Division of Oil and Gas, 
then known as the State Mining 
Bureau. He became chief petroleum 
engineer of the Old Petroleum Mid- 
way and California Petroleum Com- 
panies and continued as such when 
those companies became The Texas 
Co. He will be remembered by a 
host of friends as the sage of the 
local petroleum industry and for his 
friendliness, advice, and counsel 
given particularly to young geolo- 
gists and engineers. 

In February of 1941 he was called 
to active duty as Lieutenant Com- 
mander in the Naval Reserve in the 
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Tota! AIME membership on Aug. 31, 1949, was 
15,870; in addition 4424 Student Associates were 
enrolled. 
ADMISSIONS COMMITTEE 

James L. Head, Chairmon; Albert J. Phillips, 
Vice-Chairman? George B. Corless, T. B. Counsel- 
man, Ivan A. Given, Robert L. Hallett, Richard 
D. Mollison, and John Sherman. are 

Institute members are urged to review this list 
as soon as the issue is received and immediately 


ALABAMA 

Birmingham—DONOHO. CHARLES 
KERR. (C/S—J-M). Chief metal- 
lurgist, American Cast Iron Pipe Co. 


ARIZONA 
Hayden—ELROD, SAM D. (C/S— 


e 


Office of Inspector Naval Petroleum 
Reserves in California and’ rose to 
the rank of Captain. He remained 
on active duty at the close of the 
war and has been the Inspector of 
Naval Petroleum Reserves in Cali- 
fornia since 1944. 


E. A. Cappelen Smith (Member 
1904), noted expert on metal refin- 
ing, and consulting metallurgical en- 
gineer with Guggenheim Brothers in 
New York City, died on June 25 at 
the age of 75. Mr. Smith originated 
the Guggenheim method of extract- 
ing nitrate from caliche, and an ex- 
traction process used at the Chiqui- 
camata plant of the Chile Explora- 
tion Co. His development of a 
method of basic copper converting 
was instrumental in revolutionizing 
the copper-smelting industry. 

Born in Trondheim, Norway, he 
graduated from the Technical Col- 
lege of Trondheim and came to the 
United States in 1893. He became 
a chemist for the Chicago Copper 
Refining Co., later served as super- 
intendent of Anaconda’s electrolytic 
copper refinery, metallurgical engi- 
neer for the Baltimore Copper 
Smelting and Rolling Co., and a con- 
sultant with ASARCO in New York. 
He joined the Guggenheim brothers 
in 1912. From 1925 to 1931 he 
served as president of the Anglo 
Chilean Nitrate Corp., managing 62 
per cent of all Chilean nitrate pro- 
duction. 

Mr. Smith was a director of the 
Chile Copper Co., and the Chile Ex- 
ploration Co. He held patents on 
processes used in the development of 
selenium, telluvium, platinum, and 
palladium from electrolytic copper 
refining slimes. His distinguished 
work in hydrometallurgy earned for 
him the gold medal of the Mining 
and Metallurgical Society of Amer- 
ica in 1920, the Norwegian decora- 
tion of Knight Commander with 
Star of the Order of St. Olaf, and 
Chile’s highest civilian honor, Knight 
Commander of the Order “Al 
Merito.” 


Membership 


to wire the Secretary's office, night message 
collect, if objection is offered to the admission 
of any applicant. Details of the objection should 
follow by air mail. The Institute desires to ex- 
tend its privileges to every person to whom it 
can be of service but does not desire to admit 
persons unless they are quolified. 

In the following list C/S means change of status; 
R, reinstatement; M, Member; J, Junior Member; 
AM, Associate Member; S, Student Associate; F 
Junior Foreign Affiliate. 


S-J). Junior engineer, Kennecott 
Copper Corp. 
Superior—PELLETIER, JOHN DA- 


VID. (R, C/S—S-J). Geologist, 
Magma Copper Co. 
Tucson — MARVIN, THOMAS 


CROCKETT. (C/S—J-M). 
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ARKANSAS 


Fayetteville-MATTHAHEI, RICH- 
ARD. (C/S—J-M). General super- 
intendent, Corona Silica Corp. 
Malvern—SACKETT, EARL L. H. 
(C/S—J-M). Assistant division 
metallurgist, Baroid sales division, 
National Lead Co. 


CALIFORNIA 


Berkeley—SMITH, EMORY. (M). 
Supervising engineer, California 
State Division, Industrial Safety. 
Chino—SHAFER, ROBERT ROY. 
(C/S—S-J). Engineer in training, 
Stanolind Oil and Gas Co. 

Long Beach—O’NEILL, DONALD 
BAILEY. (C/S—-S-J). Engineer 
trainee, Shell Oil Co. 

Los Angeles—CROG, RICHARD 
STANLEY. (C/S—J-M). Research 
group leader, Union Oil Co. of Cali- 
fornia. HAYASE, MASASHI. (C/S 
—S-J). STERLING, MORTON 
ALAN. (C/S—S-J). Petroleum en- 
gineer, Eagle Oil and Refining Co. 
North Hollywood—CABEEN, WIL- 
LIAM ROSS. (C/S—J-M). Owner, 
William Ross Cabeen and Associ- 
ates. 

Ojai— McENTEE, JAMES ROB- 
ERT. (C/S—J-M). Senior me- 
chanical engineer, Shell Oil Co. 
San Francisco—GRAY, HDWARD 
GORDON. (C/S—AM-M). Project 
engineer, Goldfield Consolidated 
Mines. VER PLANCK, WILLIAM 
EVERETT, JR. (C/S—J-AM). Ju- 
nior mining geologist, California 
Division of Mines. 

San Marino — HOPKINS, JOHN. 
(M). District manager, Kobe, Inc. 


COLORADO 


Climax — FROHLING, EDWARD 
SEBASTIAN. (C/S—S-J). Metal- 
lurgical testing engineer, Climax 
Molybdenum Co. 

Denver—BAKER, CROSBY FRED, 
JR. (C/S—J-M). Chief chemist and 
metallurgist, American Smelting 
and Refining Co. 

Ouray—GRIGSBY, HARRY GOR- 
DON. (C/S—S-M). Mill operator, 
Idarado Mining Co. 

Sargents — DUNN, JAMES ED- 
WARD. (C/S—J-M). Superinten- 
dent, Callahan Zinc-Lead Co. 
Silverton — ARCHIBALD, JOHN 


ELLIS. (M). Partner and mine 
manager, Lead Carbonate Mines, 
Ine. 

CONNECTICUT 


Milford—SNYDER, JOHN ALDEN. 
(C/S—J-M). Research metallurgist, 
Remington Arms Co. 

GEORGIA 

Atlanta—COFER, HARLAND EL- 


BERT, JR. (C/S—S-J). Teacher, 
Emory University. 

IDAHO 

Burke—POWERS, PHILIP PHI- 
NEAS. (C/S—S-AM). Surveyor, 


Hecla Mining Co. 
Kellogg—HARDY, ROBERT MON- 


ROH. (AM). Assistant treasurer, 
Sunshine Mining Co. 
ILLINOIS 


Berwyn — HRADECKY, FRANK 


JOSEPH. (M). Chief draftsman, 
Open Hearth Combustion Co. 
Brookfield — GRAY, VERNON 
MAX. (C/S—S-AM). Cast-house 
metallurgist, Reynolds Metals Co. 
Chicago—HATCH, GERALD GOR- 
DON. (C/S—S-J). Research metal- 
lurgist, Armour Research Founda- 
tion. 

Clarendon Hills—DUNN, RAY P. 
(C/S—J-M). Plant metallurgist, 
Doehler-Jarvis Corp. 
Evanston—ANDERSON, WALTER 
WILLARD. (R, C/S—JA-M). Tech- 
nical director, Western Division, 
Commercial Testing and Engineer- 
ing Co. 

Mt. Vernon—POMEROY, CHES- 
TER MITCHELL. (C/S—J-M). 
Technical representative, explo- 
sives, E. I. du Pont de Nemours and 
Co. 


INDIANA 

Evansville — INGLE, WILLIAM 
DAVIDSON, JR. (C/S—J-AM). 
Combustion engineer, Ingle Coal 
Corp. 

Gary — NAULT, WILLIAM AL- 
FRED. (C/S—J-M). Metallurgist, 


Carnegie-Illinois Steel Corp. 
Whiting—GRAVES, DONALD B. 
(C/S—J-M). Physical metallurgist, 
Federated Metals division, Ameri- 
can Smelting and Refining Co. 


KANSAS 

Baxter Springs—HOCKER, RICH- 
ARD LESLIE. (C/S—S-J). Field 
engineer, Amerada Petroleum Corp. 
Belleville—ARROWSMITH, MUR- 
RAY REX. (C/S—S-J). Mining 
geologist. 

Burden—MORRIS, SAM  J., 
(C/S—S-J). Area engineer, 
Texas Co. 

Eureka — ARNOLD, EDWIN S. 
(C/S—J-M). Assistant district 
superintendent, Phillips Petroleum 
Co. WITHERSPOON, PAUL 
ADAMS, JR. (C/S—J-M). Reser- 
voir engineer, Phillips Petroleum 
Co. 

Gorham—EHLERS, PETER LEE. 
(J). Junior petroleum’ engineer, 
Stanolind Oil and Gas Co. 
Independence — LEE, THOMAS 
WILLIAM. (M). Production super- 
intendent, Union Gas System, Inc. 


JR. 
The 


KENTUCKY 
Lexington — ROLL, WILLIAM 
HAYDEN. (M). Mining engineer, 


Department of Mines and Minerals, 
Commonwealth of Kentucky. 


Wheelwright—KURTYKA, JOHN 
CHESTER. (R, C/S—S-M). En- 
gineer, Inland Steel Co. 
LOUISIANA 

Hackberry — SIMPSON, JOHN 
MILTON. (C/S—S-J). Petroleum 


engineer, Stanolind Oil and Gas Co. 

New Orleans — GRAHAM, WIL- 

LIAM JOSEPH. (C/S—S-J). Petro- 

ae engineer trainee, The Texas 
oO. 


MARYLAND 


Baltimore—HAYES, SELDEN C. 
(C/S—J-M). Superintendent, heat 
treating and pickling, rustless divi- 
sion, Armco Steel Corp. 
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MASSACHUSETTS 
Waltham—CLEVENGER, GALEN 
WILLIAM. (C/S—J-M). Senior 
metallurgist, Division of Industrial 
Co-operation, MIT. 


MICHIGAN 

Ann Arbor—LANDES, KENNETH 
KNIGHT. (R, C/S—JA-M). Chair- 
man, department of geology, Uni- 
versity of Michigan. 

Detroit — KLAPKA, KARL JE- 
ROME. (C/S—J-M). Field engineer, 
Wheel Trueing Tool Co. 
Ishpeming—AHL, WAYNE JOHN. 
(C/S—S-J). Mining engineer, In- 
land Steel Co. 


MINNESOTA 

Duluth — WILLIAMS, MILTON 
FRIEL, JR. (C/S—J-M). Associate 
chemical engineer, Oliver Iron Min- 
ing Co. 

Hibbing—SMITH, DAVID POST. 
(C/S—S-J). Mining engineer trai- 
nee, Oliver Iron Mining Co. 


MISSISSIPPI 

Durant—MOORE, JOHN P. (C/S— 
S-J). Junior exploitation engineer, 
Shell Oil Co. 


MISSOURI 

Flat River—MARR, CHARLES A. 
(C/S—S-J). Mining engineer, St. 
Joseph Lead Co. 


NEW MEXICO 

Albuquerque — GRISWOLD, GIL- 
BERT RIPLEY. (C/S—J-M). Min- 
ing engineer, George W. Potter. 
Fierro—YOUNG, THOMAS WES- 
LEY. (C/S—J-M). Foreman, U. S. 
Smelting Refining and Mining Co. 
Los Alamos—CAMPBELL, GIL- 
BERT LEWIS. (C/S—J-AM). Proj- 
ect librarian, Los Alamos Scienti- 
fic Laboratory. TIPTON, CLYDE 
RAYMOND, JR. (C/S—J-M). Phy- 
sical metallurgist, University of 
California, Los Alamos Scientific 
Laboratory. 

Monument — BRAKEY, ROBERT 
JAMES, JR. (C/S—S-J). Field en- 
gineer, Amerada Petroleum Corp. 
Silver City — RICHMOND, KEN- 
NETH CLYDE. (R, C/S—S-M). En- 
gineer-contractor, self-employed. 
Vanadium—GLADSTONE, IRVIN. 
(C/S—J-M). Chief geologist, Bay- 
ard division, U. S. Smelting Refin- 
ing and Mining Co. 


NEW JERSEY 
Morristown—FINE, MORRIS BU- 


GENE. (C/S—J-M). Member, 
technical staff, Bell Telephone 
Laboratories. 


Westfield — DAHLSTROM, ROY. 
(M). Technical director, Titanium 
division, National Lead Co. LA- 
GERGREN, MILTON ANDY. (C/S 
—J-M). Design engineer, American 
Smelting and Refining Co. 


NEW YORK 
Bayside—RUBENSTEIN, HENRY 
S. (C/S—S-J). Research engineer, 
Sylvania Electric Products, Inc. 
Brooklyn — MITILINEOS, JOHN 
DIMITRIOS. (C/S—S-J). Metal- 
lurgical engineer, American Plat- 
inum Works. 


Flushing —- ARNAUT, ARNOLD 
DOUGLAS. (C/S—S-J). Junior en- 
eingst Sylvania Electric Products, 
ne. 

Hicksville — RACEK, EDWARD 
WILLIAM. (C/S—S-J). Petroleum 
engineer, Acme Well Supply Co. 
Lewiston—EVANS, FRED LEROY. 
(C/S—J-M). Plant superintendent, 
U. S. Vanadium Corp. 

Long Island City — LUTTER, 
FRANK WILLIAM. (C/S—S-AM). 
Service engineer, Hardinge Co. 
New York—CAMPBELL, JOHN 
BARDO. (C/S—S-J). Associate 
editor, “Materials and Methods,” 
Reinhold Publishing Corp. FRBEU- 
DENTHAL, ALFRED MARTIN. 
(M). Professor of civil engineer- 
ing, Columbia University. MOR- 
GAN, DAVID E. (C/S—J-M). Con- 
sulting engineer; vice-president, In- 
ternational Manufacturing and 
Equipment Co. 

Port Washington—DeVINCENTIS, 
HAROLD ANTHONY. (C/S—J-M). 
Project leader, Sylvania Electric 
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Optical Temperature Seale 
and Kmissivity of Liquid tron 
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MINU N. DASTUR* and NEV. A. GOKCEN}{ 


In metallurgical process industries a 
knowledge of true melting and casting 
temperatures is very essential for in- 
creasing the operating efficiency as well 
as improving the quality of the finished 
product. Optical pyrometers are widely 
used for the purpose because of their 
cheapness and ease of operation. It is 
an unfortunate fact, however, that this 
mode of measuring temperature entails 
a source of severe error inasmuch as 
with all non-black bodies, the tem- 
perature observed is always below the 
true temperature owing to deficient 
emissive power. Hence, the need for 
emissivity correction arises. 

In 1913 Bidwell! obtained emissivity 
values of 0.36—0.48 for a temperature 
range of 1520-1800°C. He measured 
the true temperature of molten iron by 
sighting into a carbon cavity immersed 
in the iron under an atmosphere of 
hydrogen. In 1914 Burgess? determined 
the emissivity of a smooth surface of 
liquid iron free from oxide to be 0.37 
under an atmosphere of hydrogen. He 
claimed to have attained an accuracy 
of within 5°C at 1500°C with an optical 
pyrometer using monochromatic light. 
He reported that no difference ap- 
peared to exist between the emissivities 
of pure iron and of steels containing 
considerable percentages of carbon, 
nickel or manganese; nor was there any 
appreciable variation of emissivity with 
temperature from 1530 to 1571°C. 
Wensel and Roeser* found an emissiv- 
ity value of 0.4 for temperatures above 
1375°C for cast iron. 

The average emissivity value for car- 
bon steels reported by Leiber,* Toads® 
Hase® and Umino’ range from 0.4 to 
0.45. 

Knowles and Sarjant® made an ex- 
tensive study of emissivity of molten 
iron and steel over a wide range of 
workshop and laboratory conditions. 
Observations of true temperature were 
made with immersion thermocouples, 
and correlated with apparent tempera- 
tures indicated by optical pyrometer 
readings taken on the pouring stream 
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FIG 1—Results of observations of emissivity of pure iron and plain 


carbon steels by various investigators. 

A. Present investigation, pure iron. B. Basic electric arc steel, Naeser. C.‘Small 
basic electric arc steels, Guthmann. D. Experimental basic high-frequency ; steel, 
Goller. E. Experimental high-frequency furnace with sillimanite lining; steel, 
Knowles and Sarjant. F. Experimental high-frequency furnace with sillimanite 
lining; Armco iron, Knowles and Sarjant. G. Armco iron, Naeser. H. Iron, Bidwell. 


as it passed over the lip of the crucible. 
The emissivity of Armco iron was 
shown to be of the order of 0.4, rising 
slightly with increasing temperature. 
But for plain carbon steels containing 
up to 1.0 pet carbon the emissivity was 
shown to fall slightly with increasing 
temperatures. The results of their in- 
vestigation are in agreement with those 
of Guthmann,? Naeser,!” Spencer,” 
Todd® and Hase’ in regard to the rela- 
tion between emissivity and tempera- 
ture for plain carbon steels. However, 
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Goller!? has found a rise of emissivity 
with increasing temperature for the 
same steels. Results of several investi- 
gations are given in Fig 1. 


Measurement of True and 
Apparent Temperatures 


The necessity for an accurate optical 
temperature scale for liquid iron in 
studies of gas-metal equilibria led to 
this investigation. Experimental meas- 
urements were carried out in the induc- 
tion furnace used by Dastur and 
Chipman" in their studies of the reac- 
tion of hydrogen with oxygen in liquid 
iron. The furnace as modified for this 
work is shown in Fig 2. The atmosphere 
of the furnace was a mixture of puri- 
fied argon with hydrogen containing a 
small controlled amount of water 
vapor. Gases were preheated by means 
of a platinum-10 pet rhodium resistance 
coil. The stream of hydrogen sweeping 
across the surface of molten iron vir- 
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FIG 2—Furnace set-up for the determination of the true tem- 
perature scale and emissivity of liquid iron. 


tually eliminates errors resulting from 
the presence of iron vapor except at 
temperatures approaching or above 
1900°C. The charge consisting of about 
90 g of pure iron was melted in a pure 
beryllia crucible especially designed for 
this purpose as shown in Fig 2. 

Two sets of simultaneous tempera- 
ture readings were obtained: (1) Op- 
tical top temperature reading by a 
sensitive optical pyrometer and bottom 
reading from a properly assembled 
thermocouple touching the top of the 
crucible cavity (see Fig 2A). (2) Top 
and bottom optical temperature read- 
ings by using the crucible cavity as a 
perfect black body for the bottom op- 
tical pyrometer (see Fig 2B). 

After the charge was molten both 
the optical pyrometer and the thermo- 
couple were frequently checked against 
the melting point of electrolytic iron in 
hydrogen which was taken as 1535°C. 
Thermocouples were also rechecked 
after each experimental run. 

Optical temperature readings were 
taken when the gas preheating coil was 
hot and cold, and it was observed that 
the coil temperature has no effect upon 
temperature readings. 

Each pair of simultaneous readings 
was taken when a constant and steady 
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temperature had been obtained by ad- 
justing the power input from a 
high-frequency source. Temperature 
measurements obtained by stepwise 
heating were in agreement with those 
of stepwise cooling, indicating the ab- 
sence of temperature gradient between 
the molten metal and thermocouple. 


THERMOCOUPLES 


Calibrated platinum-platinum rho- 
dium and tungsten-molybdenum 
thermocouples were used in this in- 
vestigation for establishing the true 
temperature of liquid iron. Platinum- 


platinum rhodium thermocouples were 


used only up to 1660°C and tungsten- 
molybdenum thermocouples were used 
from 1650 to 1900°C. 

Schulze™ found that tungsten, mo- 
lybdenum and tantalum were well 
suited for measuring high temperatures 
when the couples had been annealed at 
a higher temperature to assure constant 
thermal powers. The use of these ther- 
mocouples in liquid steel has been 
described by Taylor and Chipman.!5 

Schofield and Grace! in using plati- 
num-platinum rhodium thermocouples 
reported that no effect was noticed in 
the thermocouple output from the field 


present in the induction furnace. The 
tungsten molybdenum thermocouples 
used in this investigation were from a 
batch calibrated and used by Potter!’ 
and were rechecked against the melting 
point of pure iron. 


OPTICAL MEASUREMENTS 


The optical systems at the top and 
bottom of the furnace contained identi- 
cal sight glasses and prisms and two 
optical pyrometers which had _ previ- 
ously been calibrated against a stand- 
ard instrument from the Bureau of 
Standards. No temperature difference 
was observed upon interchanging py- 
rometers or sight glasses and prisms. 
Since the hollow tip in the center of the 
crucible was more than three times 
longer than its diameter, it presented a 
perfect black body condition for the 
measurement of the true temperature 
of melt, corrected. for absorption and 
reflection from the intervening optical 
system and the gas column. After 
checking the melting point of iron, 
temperatures as high as 1900°C were 
recorded by taking simultaneous read- 
ings with optical pyrometers from top 
and bottom. 


Results 


The results of true and apparent 
(optical) temperature readings are 
plotted in Fig 3 which gives a calibra- 
tion for the given experimental condi- 
tions. Such scales may lend themselves 
to the evaluation of transmissivity and 
emissivity values, as will be shown 
presently. 

Transmissivity correction is obtained 
from the optical bottom temperature 
reading when emissivity is unity. For 
this purpose the melting point of elec- 
trolytic iron (1535°C) was used as 
reference temperature and the trans- 
missivity evaluated by the Wien- 


Planck equation: 
tof 1 1 
In (Ea) = ~ 7 = 7) 
E = Emissivity 
a = Transmissivity 
c¢2 = Fundamental constant of 
Planck equation, 14,330 mi- 
cron-degrees 
\ = Wavelength of light used (0.65 
_micron) 


T, = True temperature °K 
T. = Apparent temperature °K 


In the special case of the melting 
point of iron versus bottom optical 
reading the apparent temperature was 
1748°K and the true melting point was 
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FIG 3—True temperature vs. observed (optical) temperature. 


1808°K as measured by the platinum- 
rhodium couple. These values lead to 
a transmissivity of 0.65 which is con- 
sidered constant within a temperature 
range of 1500—1900°C. 

Once the transmissivity of the inter- 
vening optical system (sight glass and 
prism) was determined, the emissivity 
of liquid iron was calculated from 
observed top temperatures by the 
Wien-Planck equation using the ex- 
perimental true and observed tempera- 
tures plotted in Fig 3. The scattering of 
the points in the emissivity plot of 
Fig 4 is of no great significance because 
even a slight error in the measurement 
of true or observed temperature will 
cause a relatively large change in the 
emissivity, since the logarithm of the 
emissivity is proportional to the dif- 
ference in the reciprocal of the tem- 
peratures. An accuracy of +5°C in 
observed temperature is equivalent to 
a change of +0.017 in emissivity 
values at 1600°C. Variation of the ef- 
fective wavelength (A) with tempera- 
ture introduces a negligible error in 
emissivity values. F 

The total change in the emissivity of 
liquid iron over the temperature range 
of 1540-1900°C is from 0.42 to 0.50. 
The result of this investigation is pre- 
sented graphically with the results of 
previous investigators in Fig 1 showing 
the inconsistency of the reported emis- 
sivity values. Variation of the emis- 
sivity of steels with temperature, 
investigated under plant conditions and 
reported by Sosman'* as 0.39 at 1425° 
and 0.50 at about 1650° agrees qualita- 
tively with the present results. 
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Any correlation between the plant 
data and the emissivity is often much 
less accurate because of the presence of 
atmospheric disturbing factors as in- 
vestigated by Hall'® and the surface 
condition of metal.?° 

The emissivity of molten iron also 
varies with the addition of alloying 
elements. The effects of several ele- 
ments have been reported rather in- 
consistently in the available literature. 
The only such element investigated 
here was vanadium which was found to 
have no effect upon the emissivity at 
concentrations up to 2 pct. 
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Size Effects in Quenching 
Hish-purity, Precipitation- 
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WALTER L. FINLAY,} Member AIME 
Introduction 


Size effects in quenching steel are 
particularly prominent and well recog- 
nized because of the existence of a 
critical cooling rate separating nuclea- 
tion and growth transformations, as 
exemplified by the formation of pearl- 
ite, from the shear type of transforma- 
tion characterizing the martensite 
reaction. The absence of a similar, 
sharply demarcating cooling rate is 
characteristic of precipitation harden- 
ing systems and size effects in these are 
correspondingly less prominent. This 
paper is concerned with a size effect in 
high-purity, precipitation-hardenable 
alloys which appears not to have been 
recognized previously. This effect is 
believed to result from the thermal 
fluctuations which inevitably occur in 
quenching a specimen of finite size into 
a cooling liquid rather than from the 
existence of a critical cooling rate. 


QUENCHING “ANOMALIES” 


The precipitation hardening litera- 
ture contains many references to so- 
called anomalous quenching and aging 
results. By “anomalous”, investigators 
usually meant that their alloys did not 
consistently harden on aging after 
quenching according to some antici- 
pated pattern; not infrequently virtu- 
ally no age hardening occurred with 
compositions known to be precipitation- 
hardenable. 

Perhaps the most prominent series of 
anomalies was reported over a 15-year 
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FIG 1—12 pct Al-Zn age hardening and retrogression. 


Longitudinal specimens with 0.1 X 0.5 in. cross-section. 2 hr at 


475°C; 10°C water jet quench. 


Each point the average of five determinations. 


period by Gayler and coworkers on 
aluminum-copper.1:23+ Working with 
silver-rich copper alloy, Cohen® secured 
some very interesting Rockwell F 
hardness changes of from 1-5 Rockwell 
points between the first peak and val- 
ley. Fink and Smith borrowed one of 
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Cohen’s specimens and, following his 
heat treatment and quenching practice 
to the letter, secured® very different 
results in which only one peak was ob- 
tained and in which the hardness level 
at the aging time of Cohen’s first peak 
was 20 Rockwell F points higher. 

Fink and Van Horn’ encountered 
serious deviations in age-hardening 
high purity aluminum-zinc alloys. They 
stated that “‘the discrepancies were 
larger than might be expected from 
possible experimental errors in the 
Brinell readings.” 

Geisler, Barrett and Mehl’ likewise 
encountered anomalous hardening re- 
sults in aluminum-silver alloys, secur- 
ing quite different age-hardening curves 
from two identical specimens. They 
stated that ‘‘the treatments of these 
samples had been the same, so that the 
different behaviors could be attributed 
only to accidental variations in the 
quenching practice.” 
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FIG 2A—12 pct Al-Zn partial immersion quenching. 
Specimen with dimensions of 0.4 X 0.4 X 5,0 in. solution heat 
treated for 2 hr at 475°C; quickly placed vertically in quiet 10°C 
water with lower 2.2 in. immersed until entire specimen below 25°C. 
Each point a single hardness determination at locations sketched. 
Edge and midpoint hardnesses on one surface one hour after 
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FIG 2B—Same as Fig 2A except: 


Edge and midpoint hardnesses on adjacent surface 24 hr after 
quenching. 
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FIG 2D—Same as Fig 2A except: 


Interior midpoint hardnesses. 


FIG 2C—Same as Fig 2A except: 


Interior edge hardnesses. 
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FIG 2E—Same as Fig 2A except: : 


Interior center hardness. 


The present paper presents the view 
that these anomalies may be associated 
with retrogression effected by the ther- 


mal fluctuations accompanying quench- © 


ing. Accordingly, the retrogression 
characteristics of the 12 pet aluminum- 
zinc alloy used in the investigation 


- 
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being reported are outlined in the fol- 
lowing section. 


RETROGRESSION. 


Retrogression is a term whic has 
been applied? to the curious behavior of 


- 


certain age-hardening alloys according 
to which a quenched alloy partially or 
completely aged at a lower tempera- 
ture, at first softens appreciably before 
slowly hardening again at a higher 
temperature. Masing suggested’? that 
the smaller of the precipitation parti- 
cles which were stable at the lower 
temperature went back into solution at 
the higher temperature before addi- 
tional precipitation could occur so that 
the observed weakening occurred. This 
explanation now appears to be gen- 
erally accepted as valid. 

A marked retrogression has been re- 
ported’! for binary aluminum-rich 
aluminum-zine alloys. The dashed 
curve in Fig 1 is a reproduction from 
Ref 11 for the 100°C retrogression of 
12 pct aluminum-zinc; the 90 and 
120°C retrogression curves also plotted 
in this figure present new data. 

The 12 pct aluminum-zinc alloy was 
employed for a large part of the present 
investigation. Its pertinent behavior 
may, in terms of Rockwell 15T hard- 
ness, be summarized as follows: 1. It 
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quenches to a hardness of 50-55. 2. At 
room temperature it ages to 76-78 in 
0.1-0.2 hr, and stays unchanged at 
that level for at least 2 yr. 3. Retro- 
gression from its room temperature 
peak of 76-78 has been shown from 
70°C up to at least 120°C, and doubt- 
less this behavior is even more marked 
at higher temperatures. Within the 
temperature range investigated, the 
bottom of the retrogression valley is 
reached in 1-10 hr, and extends to 
depths of 56-72, the higher the tem- 
perature the shorter the time to the 
valley and the greater its depth. As is 
characteristic of the retrogression reac- 
tion, the rise from the valley is much 
slower than the rate of initial precipi- 
tation hardening at room temperature 
even though the latter is lower. 

The retrogression behavior of binary 
aluminum-copper alloys has been stud- 
ied extensively and, in principle, is not 
dissimilar from that of aluminum-zinc, 
although it differs in details, principally 
in that longer times or higher tempera- 
tures are required for corresponding 
aging effects. 

Commercially pure aluminum-base 
alloys also retrogress and industrial use 
is made of this.!’7 In general, however, 
commercially pure alloys retrogress 
more reluctantly than their high 
purity counterparts. 


Experimental Work 


The following materials were em- 
ployed in the investigation: 


1. High purity 12 pct aluminum- 
zinc 

2. High purity 4 pct aluminum- 
copper 

3. Commercial purity 24S aluminum 
alloy 

4. Commerical purity 75S aluminum 
alloy. 


The preparation of the first two is 
described in Ref 11; the last two were 
purchased in the form of 7% in. diam 
rod from Alcoa. 


QUENCHING DIFFICULTIES 


Age-hardening anomalies of the kind 
mentioned in the introduction were 
encountered in attempting to precipi- 
tation-harden high-purity, 4 pct alumi- 
num-copper and 12 pct aluminum-zinc 
creep specimens having a 0.4 in. diam 
by 7 in. gauge length, whereas 1¢ in. 
thick discs cut from these specimens 
and solution heat-treated and quenched 
together with the creep specimens gave 
consistent room temperature aging 
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results. With the aluminum-zince alloy, 
for example, a series of 10 individual 
Rockwell 15T hardnesses of 77 +1 
were common with the 1 in. thick 
discs. But individual Rockwell 15T 
hardnesses on either the surface or 
cross-section of 0.4 in. round specimens 
were almost always low and very 
erratic, a typical sequence of readings 
being 50-38-48—-22-46. 

Several different quenching proce- 
dures were tried in uniformly unsuc- 
cessful attempts to secure, in the 0.4 
in. round specimens of 12 pct alumi- 
num-zinc, the 76-78 Rockwell 15T 
hardness level very readily attained in 
1g in. thick discs of the same material 
merely by dropping them into water. 
A special quenching unit was then 
built as the ultimate in quenching 
effectiveness. This quenching appara- 
tus consisted of two parts: a vertical 
tube furnace for solution heat treating; 
and, axially aligned with the tube, a 
vertical quenching fixture into which 
the specimen dropped directly by 
gravity. A single specimen was _sus- 
pended in the central portion of the 
vertical tube furnace by means of a 
wire. After a sufficient period of solu- 
tion heat treating, the wire was cut and 
the specimen plunged directly into the 
jet quenching fixture. The latter con- 
sisted of a 1 in. id brass tube 10 in. long 
with approximately 200 holes 0.050 in. 
in diameter drilled into it in a uniform 
pattern with centers 3¢ in. apart and 
extending from one end of the fixture 
to the other. Water pressure of 60 psi 
gave rise to 200-odd jets which sym- 
metrically struck the specimen as it 
dropped through the fixture. Jets were 
employed both submerged and not 
submerged. 

The result of this ultimate effort in 
quenching 0.4 in. diam 12 pct alumi- 
num-zine was a Rockwell 15T hardness 
averaging in the neighborhood of 50— 
something of an improvement over air 


’ cooling, but still far short of the hard- 


ness obtained on thin disc specimens. 

Several 0.4 in. diam, 4 pct aluminum- 
copper rounds and 1¢ in. thick discs 
were then jet quenched with similar 
results to those obtained on 12 pct 
aluminum-zine, although, in the case 
of the 4 pct aluminum-copper, the 
rounds were not so markedly inferior 
to the discs. 

The foregoing results definitely indi- 
cated a size effect. As a practical meas- 
ure, therefore, all subsequent work on 
12 pet aluminum-zinc and 4 pct alumi- 
num-copper was done on specimens 
with a maximum thickness of 0.1 


in. In order to gain some insight into 
the phenomena, however, a series of 
partial immersion quenching tests was 
conducted. 


PARTIAL IMMERSION QUENCHING 


Two rectangular bars, one with a 
square cross-section, 0.4 in. on a side, 
and another,with a rectangular cross- 
section 0.1 in. thick and 0.4 in. wide, 
were employed in these tests. The 
specimens were solution heat treated in 
the standard manner and then were 
rapidly transferred to the quench 
where, in a vertical position their lower 
ends were immersed in the quenching 
medium. These experimental condi- 
tions were set up in order to secure, in 
one specimen, a wide range of both 
thermal gradients and a wide diversity 
of thermal fluctuations, since it was 
felt that the explanation for the puz- 
zling phenomena encountered must be 
associated with failure, in a given 
region of the specimen, to maintain a 
uniform rate of temperature decrease 
during quenching. 

The square cross-section bar, 0.4 
xX 0.4 X 5.0 in., was carefully ma- 
chined with its bases precisely normal 
to the longitudinal axis. All surfaces 
were flat and were polished through 
No. 000 paper. A hole was then drilled 
through one end which thereafter be- 
came the top of the vertically-quenched 
specimen. Three specimens were made 
in this manner: one from high-purity 
12 pet aluminum-zinc; one from com- 
mercial 758; and one from commercial 
24S. Each was individually placed in 
the vertical tube furnace and solution 
heat treated for 2 hr. It was then 
quickly placed vertically in quiet 10°C 
water with the lower end immersed 
until the entire specimen had cooled to 
a few degrees below room temperature. 
One hour after quenching, pencil lines 
were drawn on one side of the bar as 
shown in Fig 2A and hardnesses were 
determined at 0.1 in. intervals from 
bottom to top of the specimen at 
“edge”’ positions (0.1 in. in from the 
bar edge) and at the “midpoint” 
position (0.2 in. in from the bar edge). 
The specimen was then stored for 24 
hr after quenching to 25°C and hard- 
nesses were similarly determined on an 
adjacent side. The hardness patterns 
shown in Fig 2A and 2B were thereby 
obtained. Because of the care with 
which the specimen had heen machined, 
it was possible to determine hardnesses 
on the bottom of the specimen in the 
nine positions sketched in Fig 2A. 
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FIG 3—100°C aging of Fig 2 specimen. 
After quenching as detailed on Fig 2, aged at 100°C. 
Each point the average of 10 determinations on the surface in the 


region bracketed. 
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FIG 5—100°C aging of Fig 4 specimens. 
After quenching as detailed on Fig 4, aged at 100°C. 
It was found, regardless of quenching medium and loca- 


tion on specimen, that after 24 hr at 100°C all hardness 
values were within 3 Rockwell 15T points of each other. 
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FIG 4—12 pct Al-Zn partial immersion quenching. 
0.1 X 0.4 X 5 in. specimens; 2 hr at 475°C; quickly placed verti- 
cally for quenching— 
© Lower 1.6 in. in quiet 10°C water. 
@ Lower 1.6 in. in quiet 10°C oil. 
(0) Entire specimen in still 25°C air. 
Each point a single hardness determination. 


Hardnesses throughout the interior of 
the bar were then obtained by the fol- 
lowing procedure: the specimen was 
clamped gently into a small vise; a line 
was scratched 0.1 or 0.2 in. from the 
end; the vise and specimen were im- 
mersed in 10°C water; by slow sawing 
with a fine jeweler’s hack saw, a 0.1 or 
0.2 in. thick specimen was cut from the 
end of the bar; by means of slow strokes 
from a clean, sharp, small-toothed file, 
the end of the bar specimen was 
squared up with the longitudinal axis; 
and, finally, the specimen and vise were 
removed from the water, the specimen 
was removed and hardnesses were 
again determined at the nine locations 
sketched in Fig 2A. The results of this 
investigation are shown in Fig 2C, 2D, 
and 2E. There is an excellent general 
correlation between the surface and 
interior hardnesses indicating that the 
‘necessary machining operations to 
secure the interior hardnesses’ were 
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carried out so that virtually no change 
in the actual hardnesses was effected 
by the machining operations. On the 
other hand, there are significant dif- 
ferences between the interior and sur- 
face hardnesses which fall into a 
consistent pattern when the data are 
analyzed from the standpoint of 
thermal-fluctuation-actuated retrogres- 
sion and/or overaging. 

The foregoing somewhat laborious 
procedure was carried out only on 
the 12 pct aluminum-zinc specimen 
since, as shown in Fig 6, the commer- 
cial aluminum alloys, 24S and 75S, 
were far less sensitive to whatever 
quenching variables were introduced by 
the test procedure and it was assumed 
that their interior hardnesses were the 
same as their surface hardnesses. 

The data plotted in Fig 6 were de- 
termined one hour after qu °nching. 
Similar hardness determinations were 
made at intervals up to 500 hr after 


quenching, resulting—in the case of 
both 24S and 75S—in a hardness in- 
crease of approximately 5 Rockwell 
15T points uniformly along the length 
of the bar. Subsequent elevated tem- 
perature aging (10 hr at 190°C for 24S 
and 24 hr at 120°C for 75S) likewise 
raised the hardness uniformly along 
the entire length of the bar. 

In order to distinguish between the 
effect of thick and thin specimens, the 
series of partial immersion quench 
tests graphed in Fig 4 was run on 0.1 
x 0.4 X 5.0 in. specimens of 12 pct 
aluminum-zinc. 


SUBSEQUENT AGING OF PARTIAL- 
IMMERSION-QUENCHED 
SPECIMENS 


There are very few investigating 
means available to determine, in a 
polycrystalline specimen during the 
early stages of precipitation hardening, 
at just what stage is a particular 
region in the course of age hardening, 
particularly when, as in the case under 
discussion, the thermal history is both 
widely variable within the specimen 
and known in only a speculative way. 
The simplest procedure which occurred 
to the writer was to age the various 
pieces of the Fig 2 specimen, as well as 
the Fig 4 specimens, at 100°C, since a 
very large background of data had been 
built up on the behavior of 12 pct 
aluminum-zine aged at this tempera- 
ture. Results of this aging analysis are 
plotted in Fig 3 and 5. 


Diseussion of Results 


The outstanding feature of the re- 
sults obtained from the partial im- 
mersion quenching test is the hardness 
of the region just above the quenching 
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liquid level relative to the hardnesses 
of the other regions of the bar. From 
Fig 2, 4, and 6 the following broad 
details can be observed: 

1. The high purity 12 pet aluminum- 
zinc shows a very sharp dip in hardness 
just above the quenching water level 
in the 0.4 in. square cross-section bar 
and the absence of any such dip in the 
0.1 X 0.4 in. rectangular cross-section 
bar quenched in either oil or water. 

2. The commercial purity 0.4 in. 
square cross-section bars of 24S and 
75S show no dip. 

The foregoing findings are the chief 
contribution which this paper offers to 
the experimental knowledge of the 
quenching operation. Unfortunately, 
time was not available to extend the 
investigation to other high purity sys- 
tems than aluminum-zinc; but the 
previously-mentioned difficulties with 
0.4 in. diam specimens of both high 
purity 4 pet aluminum-copper and 12 
pet aluminum-zine and the known lack 
of similar difficulties with commercial 
precipitation hardening aluminum al- 
loys suggested that, in contrast to 
commercially pure alloys, high purity 
alloys may be vulnerable to unavoid- 
able variables in even the best quench- 
ing practice. Among the possible 
explanations for this vulnerability and 
perhaps the most evident are: 


1. Critical cooling rate. It might be 
assumed that a critical cooling rate 
exists, faster than that at which full hard- 
ening on aging subsequent to quenching 
is obtained and slower than that at 
which substantially full hardening during 
quenching to the temperature of the 
coolant is obtained. On this basis it 
might be argued that, after 0.1 hr at 
room temperature, 12 pct aluminum-zinc 
specimens cooled both above and below 
the critical cooling rate would be at 
approximately the same high hardness 
level; at about the critical cooling rate, 
such specimens would be soft, since very 
little precipitation would have occurred, 


yet room temperature precipitation could . 


be very slow because the lattice defects 
present in volently quenched speci- 
mens would not be present to pro- 
mote nucleation, despite the appreciable 
supersaturation. 

2. Quenching stresses. Phillips and 
Brick suggested'? that ‘‘quenching 
stresses are an important factor in 
accelerating and, perhaps, actually caus- 
ing, age hardening.” » 

3. Thermal fluctuations. Throughout 
the present paper the term ‘thermal 
fluctuations” is defined to comprise the 
momentary fluctuation which it is 
assumed would be observed if a con- 
tinuous, instantaneous record could be 
kept of representative isotherms in a 
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24S and 75S bars with the same dimensions and heat treatment 
as Fig 2A. Each point the average of three determinations across 
the width of the specimen made one hour after quenching. 


Table 1... Data on Quenching 
Rates of 75S 
Quenching 
Rate* 
75S Specimen and Coolant (°F per Sec) 
146 in. sheet— 
BUTS cask ine kon Seer ae arene 4 
Ol. ee ee eee ee 128-1600 
Waterson. aca ce ele eee 2500 
34 in. diam, water quenched— 
CONGEE Sic. candle Acotts cece cose etemeevions 830 
4 in. diam, water quenched— 
34 An, from SULfACO 2.5. acr-le ee 280 
Comber s 26h A ease ton aand cose 42 
2 in. diam; water quenched— 
i in. from surface. 22-22 02... 6 430 
CU e10l Fol Sener ca Geto o Tor oo.Q tm =o 


135 
* Average through the range 750—550°F. 


specimen being quenched. Such fluctu- 
ations would mean that, in a given small 
region affected (that is, a volume element 
several hundred atoms in diameter and 
larger), the temperature would first fall 
and then, momentarily, would rise before 
again falling. With slow, uniform cooling 
presumably an isotherm would contract 
uniformly without appreciable fluctu- 
ations occurring. With submerged jet- 
quenching of thin sections, perhaps 
such fluctuations would be minimized. 
With more massive specimens, however, 
the combination of fluctuating vapor 
zone surrounding the specimen being 
quenched, coolant convection currents, 
and an appreciable quantity of heat 
to be removed from the interior of the 
specimen, is assumed to give rise to 
thermal fluctuations of sufficient magni- 
tude to cause the anomalous hardening 
results which have been reported.. 


In considering the critical cooling 
rate possibility, the excellent experi- 
mental work of Fink and Willey! is 
quite useful. These investigators estab- 
lished a ‘‘C” curve for 75ST, plotting 
as a function of time at isothermal 
quenching temperatures, the percent- 
ages of full 75ST properties attained. 
This work, in common with other pub- 
lished data by Fink and his collabora- 
tors on the precipitation hardening of 
high purity aluminum-copper and in- 
cluding the classic paper on double 


aging peaks,® was done with 0.064 in. 
thick specimens and thus, according to 
the findings of the present investiga- 
tion, were quenched entirely satisfac- 
torily. Fink and Willey also published** 
extensive quenching rates for 75S, a 
few pertinent data being given in 
Table 1. 

From this tabulation it can be ob- 
served that, in aluminum alloys, air 
cooling is negligibly slow relative to the 
cooling effected by conduction through 
the aluminum to a water quenched 
surface. Additional pertinent informa- 
tion on quenching rates in aluminum 
alloys has also been given by Loring, 
Baer, and Carlton,14 who employed a 
modified Jominy quench test specimen 
for their investigation. Extrapolating 
the Fink and Willey cooling rate data 
to the partial immersion quenching of 
the 0.1 and 0.4 in. thick specimens of 
the present investigation, one can con- 
clude that, if a critical rate were of 
controlling importance, both these 
specimen thicknesses would have ex- 
hibited a sharp hardness dip if one did. 
The high purity 12 pct aluminum-zinc 
alloy showed a marked hardness dip 
in the 0.4 in. thickness but not in the 
0.1 in. thickness. Hence it is concluded 
that the existence of a critical cooling 
rate does not explain the findings. 

In developing their quenching stress 
thesis with high purity aluminum- 
copper alloys, Phillips and Brick used 
specimens from 0.0025 in. diam (filings) 
to 1.5 in. diam rod. Their many 
ingenious experiments established a 
very consistent trend in increasingly 
anomalous behavior with increasing 
specimen diameter. They concluded 
that the anomalies were related to and 
perhaps originated in the solution heat 
treatment and quench. It is perhaps 
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significant, in light of the data re- 
ported by the present paper, that 
Phillips and Brick secured quite uni- 
form results up to a specimen thickness 
of 0.125 in., but that from the next 
greater thickness (0.25 in.) investi- 
gated, results were increasingly anoma- 


lous. In a very worthwhile discussion of ° 


the Phillips and Brick investigation, 
Barrett estimated the magnitude of the 
quenching stresses existing on a radial 
element near to the surface of the 
specimens and concluded that they 
reached a maximum compressive stress 
of about 15,000 psi. More recent work 
by Finlay and Hibbard" investigated 
the effect of 100,000 psi hydrostatic 
pressure on the precipitation hardening 
of the 12 pct aluminum-zinc alloy. This 
hydrostatic pressure aging is of course 
a different situation from that obtain- 
ing in a quenched cylinder which has 
tangential tensile stress and radial 
compressive stress present. The hydro- 
static pressure aging indicated that 
precipitation hardening was both ac- 
celerated and intensified relative to 
atmospheric-pressure-aged specimens, 
but the differences were by no means 
great enough to account for those 
shown by the present investigation. In 
any case, both the region of the sharp 
hardness dip and the region of the high 
hardness plateau at the upper end of 
the 0.4 in. thick, 12 pct aluminum-zine 
specimen were above the water level 
and, therefore, were in locations where 
quenching stresses were much less than 
in the region below the water level and 
presumably were quite low. Accord- 
ingly, it does not appear that quench- 
ing stresses can explain the results 
obtained. 

In considering the possible action of 
thermal fluctuations on a precipitation 
hardening system, one is led to the 
thought that they may—under proper 
combinations of time, temperature, 
and composition—effect retrogression. 
From Fig 3 and 4 it is seen that the 
various regions of the 12 pct aluminum- 
zinc alloy, whether of the 0.4 in. square 
or 0.1 X 0.4 in. rectangular cross- 
sections, and whether water, oil, or air 
quenched, do indeed exhibit a 100°C 
aging behavior which is consistent 
with the hypothesis that each has been 
retrogressed to a different degree de- 
pending upon the kind of thermal 
fluctuations to which it was subjected. 

The element of retrogression which 
appears rather definitely to be present 
in the hardness dip region of the 0.4 
in. square aluminum-zinc | specimen 
is the existence of a ‘supersaturated 
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solid solution which is much less un- 
stable than the same structure freshly 
quenched. This is evidenced by the 
relatively quite slow hardening rates at 
100°C shown in Fig 3 compared to the 
much faster room temperature aging of 
the freshly quenched specimens shown 
in Fig 1. Similarly slow hardening rates 
are assumed in Fig 5, as shown by the 
dashed lines, since, unfortunately, data 
were not taken earlier than 22 hr on the 
100°C aging of the Fig 5 specimens. 
Guinier’s explanation!® for the reduced 
hardening rate of the retrogressed 
structure assumes that the as-quenched 
matrix lattice is subjected to high in- 
ternal stresses and, accordingly, has 
many lattice defects which promote 
nucleation of precipitate particles. 
Both the initial aging at room tempera- 
ture and subsequent retrogression 
“anneal”? at 100°C given the alumi- 
num-zinc specimen tend to diffuse these 
defects away, so that the nucleation 
rate is reduced and, with it, the rate of 
hardening. 

Evidence for the presence of the 
other element of retrogression—resolu- 
tion of coherent precipitate particles 
is not clear from the data obtained. It 
seems possible that both re-solution 
and overaging (that is, breaking away 
from coherency with the matrix) of 
precipitate particles are involved. Thus, 
in the case of the air quenched speci- 
men of Fig 4, some precipitation must 
have occurred during the period of 
relatively slow cooling and subsequent 
room temperature aging of one hour’s 
duration. The low hardness can be 
interpreted to indicate that some of 
the larger precipitate particles had 
broken away from coherency. Upon 
subsequent 100°C aging, some of these 
noncoherent particles may have redis- 
solved in the aluminum matrix; others 
may have remained noncoherent; and 
possibly a number of coherent precipi- 
tate particles redissolved. In any case, 
the typical retrogression feature of a 
more perfect lattice and, consequently, 
a lower rate of nucleation are believed 
to have obtained and resulted in a re- 
duced rate of hardening to the retro- 
gression peak. This point of view is 
employed in the following paragraphs 
to examine the details of Fig 2 and 3: 

1. The Fig 2 data show generally 
falling hardness from the bottom of 
the specimen to the water line. Below 
the latter it is pictured that the thermal 
fluctuations are quickly quieted by the 
rapid water quenching, the more rapid 
and effective the quenching (a* in the 
bottom and edges) the less the thermal 


fluctuations. Thermal fluctuations, aris- 
ing from heat coming from the interior, 
tend to begin to retrogress the outer 
portions so that they exhibit somewhat 
less than the expected room tempera- 
ture hardness peak of 75-80 Rockwell 
15T. Consistent with this, Fig 3 shows 
that on subsequent 100°C aging, 
retrogression continued and then re- 
covery set in until the retrogression 
peak was attained. This viewpoint is 
consistent with the additional obser- 
vations that: (a) the surface midpoint 
exhibits lower hardnesses than the sur- 
face edges; and (b) the surface has 
lower hardnesses than the interior. 

2. Between the water line and 0.8 
in. above the water line it is observed 
that (a) surface hardness is very low 
and does not change appreciably with 
distance but there is a noticeable tend- 
ency for the surface midpoints to be- 
come harder than the surface edges, 
and (b) like the surface, the interior 
hardness reaches a decided low at about 
the water line but, unlike the surface, 
the interior hardness recovers to higher 
values very quickly as the distance in- 
creases from the water line. 

It is envisioned that because of the 
slower cooling just above the water line 
relative to that below the water line 
there are sufficient degree and duration 
of thermal fluctuations to soften the 
matrix to the retrogression valley. Fig 
3 shows that subsequent 100°C aging 
raises this region out of the valley up to 
the retrogression peak. The interior is 
believed not to be subjected to as 
severe retrogression as the surface 
except at the water level and so it is 
generally harder but nevertheless at 
the retrogression valley. 

3. Beyond approximately 1 in. above 
the water level, the hardnesses of all 
regions are at the highest levels at- 
tained and are matched only by the 
hardness at the very bottom of the 
specimen where presumably quenching 
was best. It is hypothesized that at the 
still slower cooling rate of this region, 
relative to that just above the water 
level, there is a longer period of severe 
thermal fluctuations capable of retro- 
gressing the structure so that this © 
region is retrogressed to the retrogres- 
sion peak. Accordingly, on subsequent 
100°C. aging, as shown in Fig 3, the 
hardness falls off very slowly due to 
overaging. 

4. From 0.8 to 1.8 in. above the 
water line it is observed that the sur- 
face midpoint is harder than the surface 
edge. This is just the opposite from the 
situation below the water line. Never- 
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theless, the thermal fluctuation retro- 
gression theory gives a_ consistent 
explanation of the happenings. From 
its viewpoint it is believed that the 
edges both in the region under discus- 
sion and also below the water line are 
not retrogressed as much as the mid- 
points but, since in this case the hard- 
ness of the region is climbing out of the 
retrogression valley, the midpoints 
have reached the retrogression peak 
and are therefore harder than the edges 
which have not yet attained it. In the 
case of the region below the water the 
midpoints have also retrogressed more 
than the edges but there its advanced 
stale meant that it had descended 
farther into the retrogression valley 
and hence was softer than the edges. 
Fig 4 and 5 give the results of 0.1 in. 
thick bars as contrasted to the 0.4 in. 
thick bars of Fig 2 and 3. Similar, 
though less marked, results are shown 
in Fig 4 and 5 to those portrayed in 
Fig 2 and 3. The explanation for the 
data is also believed to be similar. No 
significant difference was found be- 
tween the midpoints and the edges 
since there was not a sufficient thermal 
reservoir in the interior to give rise to 
it. For the same reason, a pronounced 
hardness valley was not developed 
just above the water line. The air- 
cooled specimen was discussed earlier. 
Subsequent aging of these specimens 
at 100°C resulted in the remarkably 
uniform hardness level characteristic 
of 12 pct aluminum-zine overaging 
slowly from the retrogression peak. 
Unlike the high-purity 12 pet alumi- 
num-zinc, the commercial 75S and 24S 
bars with an 0.4 in. square cross-section 
did not exhibit a vulnerability to poor 
quenching practice. This is believed to 
be due to the fact that the commercial 
alloys have relatively very stable pre- 
cipitates which resist retrogression and, 
indeed, this feature would appear to be 
a prerequisite.to industrial use. As 
shown in Fig 6, the hardness curves, 
after partial immersion quenching of 
758 and 24S, show no tendency what- 
ever towards the hardness valley which 
is such a pronounced feature of the 
comparable 12 pet aluminum-zinc bar. 


Summary and Conclusions 


The high purity, binary, aluminum- 
zinc alloy containing 12 pet zinc was 
shown to exhibit marked retrogression 
at quite moderate temperatures. By 
means of a special testing technique, 
termed partial immersion quenching 


674 .. . Metals Transactions, Vol. 185 


‘the neighborhood of 0.1 in., 


and aging, it was established that this 
alloy was quite vulnerable to the 
variables encountered during quench- 
ing, and this was ascribed to its ready 
retrogression, possibly in concert with 
overaging, as effected by thermal 
fluctuations; further, that this vul- 
nerability dropped to negligible pro- 
portions when the specimen thickness 
was not greater than 0.1 in.; and, 
finally, that commercial purity alloys 
24S and 75S are not at all similarly 
vulnerable. Smaller scale tests indi- 
cated that high purity 4 pet aluminum- 
copper exhibited a quenching and 
aging behavior similar to that of the 
high purity 12 pet aluminum-zine alloy. 

A selection from the extensive litera- 
ture on the ‘‘anomalous”’ quenching 
and aging behavior shown by high 
purity, binary, precipitation hardening 
alloys was presented. Examination of 
these references shows the use of speci- 
men thicknesses considerably greater 
than 0.1 in. The thicknesses employed 
included 3/. in. for silver-aluminum ;* 
14 in. for aluminum-zinec;’ 14 in. for 
aluminum-silver;’ 55 in. for alumi- 
num-copper;!:*;* and, quite recently, 
4g in. for aluminum-copper.!* The 
majority, and perhaps all, of these 
anomalies are perhaps explicable on the 
basis of the size effect postulated by 
this paper. Additional evidence sup- 
porting this view is given in Ref. 3 
wherein, when some of the anomalous- 
hardening 54, in. thick specimens were 
forged to 1 in. thickness, good and 
consistent age hardening results were 
obtained. 

Based on the foregoing, the gen- 
eralization is tentatively put forward 
that many precipitation hardening 
systems, particularly those comprising 
high purity binary alloys, may, because 
of ready retrogression and overaging, 
exhibit quite erratic quenching and age 
hardening behavior when the specimen 
thickness exceeds some maximum in 
since 
greater thicknesses inevitably give rise 
to excessive thermal fluctuations upon 
being quenched into a liquid. Com- 
mercial precipitation hardening alloys 
are believed not to be subject to such 
retrogression and overaging, since con- 
siderable tolerance to a relatively wide 
range of quenching conditions is pre- 
sumably one of the essential pre- 
requisites determining the suitability of 
an alloy for industrial use. It would 
appear, therefore, that the research 
worker dealing with noncommercial 
alloys should consider the possibility of 
a significant size effect in many precipi- 


tation hardening systems and should 
employ some procedure such as the 
partial immersion quench test to in- 
sure that his quenching practice does 
not contain any uncontrolled variable 
which may invalidate his data, par- 


ticularly in the early stages of aging. 
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The Ternary System, Copper- 
manganese-zine 
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Introduction 


The preparation and fabrication of 
copper-manganese-zinc alloys and the 
evaluation of their engineering proper- 
ties have for some time been an 
integral part of a research program of 
the Federal Bureau of Mines. In this 
project, the use of electrolytic man- 
ganese, along with high purity copper 
and zinc, has permitted the preparation 
of alloys which contain a minimum of 
impurities which are capable of pro- 
ducing detectable effects in the proper- 
ties studied. The initial work on the 
physical properties of wrought alpha 
solid solution alloys and a general 
outline of the alpha solid solution area 
for alloys containing up to 40 pet man- 
ganese have been presented in previous 
reports.!:2.3.45 The evidence accumu- 
lated in these investigations clearly 
showed that additions of manganese 
to the copper-zinc alloys improve the 
strength properties of the brasses 
without seriously reducing their char- 
acteristic ductility and that considera- 
ble quantities of manganese could be 
added to the copper-zinc alloys without 
exceeding the mutual solubilities of 
manganese and zinc in copper. In con- 
tinuation of these studies, additional 
data have been obtained in a more ex- 
tensive investigation of the phase 
relationships of the copper-manganese- 
zinc ternary system. The present 
report delineates the solid phase 
boundaries of the ternary system from 
the copper-zinc binary to the man- 
ganese-zinc binary for alloys containing 
up to 50 pct zinc. 


Summary 


The alloys used in this investigation 
were conditioned by working schedules 
designed to homogenize the structures 


_ prior to heat treatments required for 
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FIG 1—Condition of the alloys prior to thermal treatments used in this investigation. 


the equilibrium phase study. The 
treated alloys were examined by 
metallographic methods including hard- 
ness and X ray data for confirmation. 

The composite data of the investiga- 
tion are summarily presented in a series 
of isothermal sections of the ternary 
system at 1100, 1200, 1300, 1400, and 
1500°F. The salient features of the 
system as outlined by these data are: 
(1) the continuous alpha solid solution 
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which extends across the diagram to 
the gamma-manganese phase of the 
manganese-zinc system at tempera- 
tures of 1200°F and higher, (2) the 
beta phase of the copper-zinc system 
similarly forms a continuous solid 
solution with its counterpart the beta 
field of the manganese-zinc binary, (3) 
at 1100°F (593°C) these alpha and beta 
fields are greatly restricted by compli- 
cations arising from the allotropic 
transitions of manganese and the de- 
creasing solubility of manganese in the 
alpha solid solution. The alpha + beta 
fields intersect the alpha + alpha man- 
ganese field to produce the beta + 
alpha manganese field and two ad- 
jacent three phase fields consisting of 
alpha + beta + alpha manganese and 
gamma + beta + alpha manganese. 
Typical microstructures representa- 
tive of the various phase areas at each 
temperature are also presented. 


Review of Previous Work 


The copper-manganese-zine alloys 
have periodically been the subject of 
numerous investigations of both prac- 
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tical and theoretical significance.® In a 
large measure, these studies have been 
concerned with the duplex, alpha + 
beta, alloys which constitute a com- 
mercially important group of engineer- 
ing materials normally referred to as 
manganese bronzes. The actual man- 
ganese content of these alloys seldom 
exceeds 4 to 5 pct, and frequently is 
less than the total iron, nickel, tin and 
lead contents. Other investigations of 
the higher manganese compositions by 
Heusler,’? Bauer and Hansen,’ Guillet,° 
and Hieke and Ledebur!® have been 
somewhat more extensive but are of 
limited value since their results were 
based on relatively impure alloys under 
admittedly nonequilibrium conditions. 
Reports by members of the Bureau’s 
staff,45 have discussed the characteris- 
tics of a large group of the copper- 
manganese-zinc alloys, but did not 
include alloys containing more than 40 
pet manganese. 

The binary systems involved have 
been thoroughly examined in numerous 
studies and the principal phase bound- 
aries are well established. The copper- 
zinc system has recently been reviewed 
by Phillips and Brick." The copper- 
manganese system was thoroughly 
examined in the early part of the 
Bureau’s work on alloys of electrolytic 
manganese.'? Potter and Huber! using 
powder metallurgy methods for the 
preparation of the alloys have deter- 
mined the phase relationships of the 
manganese-zinc system for alloys con- 
taining up to 50 pct zinc by X ray dif- 
fraction and thermal analysis methods. 


Experimental Materials 
and Methods 


The alloys used in this investigation 
were prepared from electrolytic man- 
ganese, wire bar grade copper and 
99.99-+- zinc in substantially the same 
manner as described in the previous 
reports on these and similar alloys. It 


is perhaps also unnecessary to list the © 


individual analyses for the 145 alloys 
examined but sufficient to point out 
that they were selected from some 500 
heats of copper-manganese-zinc alloys 
which were made for a variety of ex- 
perimental studies. These alloys were 
chosen on the basis of their suitability 
with due regard to their relative 
position in the ternary system and 
their low impurity content. The princi- 
pal impurities present in the alloys are 
iron, silicon, and aluminum. Only four 
of the alloys contained greater than 
0.020 pct iron and these contained 

less than 0.040 pct iron. The silicon 
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content of all the alloys was reported 
as less than 0.005 pct. The residual 
aluminum from the intentionally added 
deoxidizer did not exceed 0.04 pet and 
in 96 of the alloys the aluminum con- 
tent was less than 0.02 pct. 

Since cast alloys are not ideally 
suited for the determination of phase 
relationship because of their inherent 
characteristics of segregation, porosity, 
tendency for grain boundary con- 
stituents, persistence of agglomerated 
precipitates, and others, efforts were 
made to give the alloys a substantial 
amount of working before the final 
thermal treatments. However, this was 
not possible in all cases and a fixed 
processing schedule which would suit 
ali the alloys could not be devised. 

In this investigation one group of the 
copper rich alloys has been hot and 
then cold worked. Another group con- 
taining higher manganese and zinc was 
hot worked only and still other com- 
positions were examined in the as-cast 
condition. The metallurgical condition 
and composition of the individual al- 
loys prior to heat treatment are de- 
noted in Fig 1. Contrary to the general 
tradition that high manganese alloys 
are normally quite brittle and unwork- 
able, this chart shows that a sub- 
stantial proportion of the alloys was 
hot rolled or forged. With proper 
adjustment of temperature in accord- 
ance with the phase boundaries subse- 
sequently developed, no doubt many 
of the other compositions could have 
been hot and cold worked. In fact, in 
some later work, many of the alloys 
containing more than 50 pct man- 
ganese with 10 to 15 pct zinc were cold 
rolled 60 pet reduction in thickness 
after quenching from 1400°F (760°C) 
without difficulty. 

The high copper alloys which were 
finished by cold working, Fig 1, had, 
in addition to some hot reduction, three 
anneals with cold reductions averaging 
50 to 60 pct between anneals. The hot 
worked alloys were reduced approxi- 
mately 80 pct from the as-cast size with 
intermittent soaking at 1200 or 1400°F 
(648 or 760°C). Examination of the 
hot worked alloys showed the cast 
structures were entirely destroyed and 
that homogeneous or uniform struc- 
tures were produced. 

Several of the alloys were not worked 
prior to heat treatment. These alloys 
were primarily those highest in zinc 
or manganese. The castings, which 
were chill cast in 114-in. diam ingots, 
were quite uniform and clearly defined 
in structure and without serious 


segregation. 

Specimens of the individual alloys 
were heat treated for periods of 4, 8, 24, 
and 48 hr at 1300, 1400, and 1500°F 
(704, 760, and 815°C) and for 24, 48, 
and 200 hr at 1100 and 1200°F (593 
and 648°C) in an atmosphere of 
helium, then quenched. In some of the 
highest manganese alloys slight de- 
manganization occurred but seldom 
penetrated more than a few thou- 
sandths of an inch deep. All heat 
treated specimens were bisected so that 
an internal surface of one section could 
be used for metallographic study and 
the other was reserved for incidental 
hardness checks and X ray diffraction 
patterns as required for confirmation. 

Approach to equilibrium conditions 
was determined by comparison of the 
structures obtained by various time 
periods at the same temperature. In 
general the structures differed but 
slightly and these differences were 
usually in amount of phases present. 
In a few instances, a phase was found 
to disappear in borderline compositions 
with longer heating periods. Structure 
of specimens held 24 and 48 hr at 1300, 
1400, and 1500°F (704, 760, and 815°C) 
were unchanged by the longer time at 
temperature. Similarly structures of 
materials treated for 48 and 200 hr at 
1100 and 1200°F (593 and 648°C) 
exhibit no change with the longer soak- 
ing time at temperature. The final 
observations from which the isothermal 
diagrams were drawn are based on the 
48-hr treatment for 1300, 1400, and 
1500°F (704, 760, and 815°C), while the 
1100 and 1200°F (593 and 648°C) sec- 
tions were based on 200-hr specimens. 


Discussion of Results 


The results of the investigation are 
graphically represented in Fig 2, 3, 4, 
5, and 6 in which the isothermal sec- 
tions for the ternary copper-manga- 
nese-zinc system at 1500, 1400, 1300, 
1200, and 1100°F (815, 760, 704, 648, 
and 593°C) temperature levels have 
been drawn. In these drawings, the 
various phase boundaries have been 
extrapolated to the solubility values 
taken from the established copper-zinc, 
manganese-zinc, and copper-manga- 
nese diagrams. Where experimental 
observations permitted positive place- 
ment of the phase boundaries, solid 
lines have been drawn. Where the data 
are too incomplete for accurate place- 
ment of the phase boundary, but the 
trend of the field was known, dashed 
lines were used for the extension of the 
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FIG 5-—The isothermal section of the copper-manganese-zinc system at 1200°F (648°C). 
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FIG 6—The isothermal section of the copper-manganese-zinc system at 1100°F (593°C). 


boundary. In each of the isothermal 
sections, certain of the phase fields were 
not defined by the data but because 
they are necessary construction im- 
posed by the binaries or by data in 
subsequent sections, dashed lines have 
been used to approximate their position. 

At 1500°F (815°C), Fig 2, the alpha 
and beta solid solutions of the copper- 
zinc system extend uninterrupted to 
the manganese-zinc binary although 
the solubility of zinc in these phases 
decreases to a minimum at approxi- 
mately 40 pct manganese then increases 
with larger amounts of manganese 
reaching a maximum solubility at the 
manganese-zinc binary. Some restric- 
tion in the alpha solid solution occurs 
near the manganese corner and a two 
phase field of alpha solid solution plus 
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beta manganese has been estimated on 
the basis of the solubility data of the 
manganese-copper and manganese-zinc 
system. The solidus line which has been 


. incorporated in the 1500°F (815°C) iso- 


therm is not intended as an exact 
solidus but has been drawn primarily to 
differentiate between those alloys which 
showed evidence of melting and those 
which did not exhibit melting at this 
temperature. 

Manganese decreases the solubility 
of zinc in the alpha phase of the cop- 
per-zinc system. The alpha and beta 
solubility lines are substantially paral- 
lel to one another and parallel to the 
lines of constant copper up to 15 to 20 
pet manganese. In general, manganese 
and zine act as equivalents. The present 
data show slightly less solubility of 


zinc in the alpha and beta phases in 
the range of 20 to 40 pct manganese 
than were previously recorded in work 
on the alpha solubility limits. Cal- 
culations by Hume-Rothery" on the 
earlier data, showed that manganese in 
small amounts affected the alpha-beta 
equilibrium as though it were a divalent 
element but departed from this simple 
relationship at rather low manganese 
contents. The solubility line of the 
present investigation indicates the 
solubility curves are comparable to the 
theoretical curve up to 15 to 20 pet 
manganese if equilibrium were deter- 
mined by electron concentration alone 
and manganese possessed a valency 
of 2. As the concentration of manganese 
increases beyond 20 pct the alpha + 
beta phase field tends to widen and 
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FIG 7—A\lpha (light) and beta retained in the 58.0 Mn, 26.0 Zn alloy quenched from 1500°F. 


x 250. ASTM copper etchant No. 11. 


FIG 8—Beta (dark) and grain boundary alpha formed during cooling the 40.5 Mn, 14.2 Zn alloy from 1500°F. 


x 250. ASTM copper etchant No. 11. 


FIG 9—Alpha (light) and transformed beta (dark) in the 33.6 Mn 10.6 Zn alloy quenched from 1500°F. 


> 250. ASTM copper etchant No. 11. 


FIG 10—Ailpha (light) and retained beta (dark) in the 58.0 Mn 26.0 Zn alloy quenched from 1400°F. 


> 250. ASTM copper etchant No. 11. 


FIG 11—Alpha (light) and beta (dark) structure of the 40.0 Mn 19.2 Zn alloy quenched from 1300°F. 


x 250. ASTM zinc etchant No. 4. 


FIG 12—Alpha (light) and beta manganese (dark) in the 72.1 Mn 3.2 Zn alloy quenched from 1300°F. 
X% 250. ASTM copper etchant No. 8 with 10 pct acetic acid added. 


becomes more or less parallel to the 
copper-manganese binary at approxi- 
mately 40 pet manganese. With larger 
amounts of manganese, the alpha + 
beta field continues to widen and the 
solubility of zinc in both the alpha and 
beta phases increases. These solubility 
curves are extrapolated from the 15 
pet copper line to the manganese-zinc 
binary and decrease considerably in 
width with decreasing copper to cor- 
respond with the extent of this phase 
field in the binary system. 

Similar trends of the alpha/alpha + 
beta and beta/alpha + beta solubility 
lines for the ternary system are shown 
in the 1400°F (760°C) isothermal sec- 
tion in Fig 3, although these curves are 
displaced to higher zinc concentrations. 
The solidus shifts rapidly as the tem- 
perature decreases from 1500 to 1400°F 
(815 to 760°C) and a rather large beta 
area is formed at the lower tempera- 
ture. The projections of the beta + 
gamma field of the copper-zine system 
and the beta + epsilon field of the man- 
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ganese-zinc system are also introduced 
at 1400°F (760°C). 

At 1300°F (704°C), Fig 4, the gen- 
eral shape and contour of the alpha and 
beta boundaries remain substantially 
the same as indicated for the higher 
temperatures. The alpha/alpha + beta 
and beta/alpha + beta lines are ap- 
proximately parallel giving the field a 
spread of 5 to 6 pet as measured on lines 
of constant manganese for all compo- 
sitions up to about 40 pet manganese. 
With increasing manganese the two 
phase field widens to a maximum at 
60 pct manganese then decreases to the 
manganese-zinc binary values. 

The metallographic structures of 
specimens treated at 1300, 1400, and 
1500°F (704, 760, and 815°C) are in 
general quite similar to the character- 
istic alpha and beta structures of the 
copper-zinc system and are readily 
identified. Some exceptions, however, 
were encountered in the heta alloys 
which were immediately adjacent to 
the beta/alpha + beta boundary. 


These alloys, particularly in the low 
manganese range, often transform 
bodily to the alpha phase during the 
quench making it difficult to be posi- 
tive of the high temperature structure. 
Characteristic micrographs of these 
structures as well as structures of the 
alpha and beta phases for alloys con- 
taining less than 30 pct manganese 
were presented in the report on the 
alpha solubility limits. * Phillips!® has 
also described the mass transformation 
reactions for the binary copper-zinc 
alloys. 

Representative structures for alloys 
containing more than 40 pct manganese 
and falling within the alpha + beta 
and beta fields are illustrated in Fig 7 
to 11, inclusive. In these structures the 
beta phase appears as the dark or 
acicular constituent. In general, in- 
creasing manganese tends to stabilize 
the beta phase, but varying degrees of 
decomposition depending on composi- 
tion and temperature were found to 
occur. 
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FIG 13—Beta and gamma phases in the 5.6 Mn 54.2 Zn alloy quenched from 1300°F. 


X< 250. ASTM copper etchant No. 11: 


FIG 14—Alpha and beta structure of the 43.4 Mn 31.0 Zn alloy quenched from 1200°F. 


xX 250. ASTM zinc etchant No. 4. 


FIG 15—Alpha and beta structure of the 37.5 Mn 29.0 Zn alloy quenched from 1200°F. 


X 250. ASTM zinc etchant No. 4. 


FIG 16—A Ipha solid solution with alpha manganese in the 55.8 Mn 4.8 Zn alloy quenched from 1200°F. 


X 250. ASTM zinc etchant No. 4. 


FIG 17—Beta and epsilon structure of the 30.3 Mn 53.6 Zn alloy quenched from 1200°F. 


x 250. ASTM zinc etchant No. 4. 


FIG 18—Beta with a small amount of the gamma phase in the 1.75 Mn 50.8 Zn alloy quenched from 1100°F. 
X 250. ASTM copper etchant No. 8 with 10 pct acetic acid added. 


Fig 7 and 10 are characteristic alpha 
+ beta structures obtained when there 
is little tendency for the beta phase to 
decompose. The formation of grain 
boundary and acicular alpha within the 
beta grain, Fig 8, occurs during the 
quench. Fig 9 illustrates an alpha + 
beta structure in which the beta phase 
is almost completely transformed dur- 
ing the cooling. In the micrograph of 
Fig 11, designated as an alpha + beta 
structure, it is quite probable that most 
of the alpha present was formed during 
the quench and that the beta/alpha + 
beta boundary could be lowered 
slightly at this point. However, evi- 
dence from the near-by compositioris 
and the trends shown in pseudo-binary 
sections for higher and lower tempera- 
tures point to the position of the solu- 
bility line given. 

The alpha + beta manganese struc- 
ture is shown in Fig 12 for one of the 
alloys which falls within this field at 
1300°F (704°C). The microstructure in 
Fig 13 is typical of the low manganese 
high zinc alloys in the beta + gamma 
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field and are similar to the structures of 
beta + gamma brasses. 

The beta solid solution field is 
slightly reduced by the beta + gamma 
and beta + epsilon fields at 1200°F 
(648°C), Fig 5, and the alpha + beta 
boundary has shifted to higher zinc 
concentrations. The eutectoid decom- 
position of the beta phase in the 
manganese-zinc system requires the 
formation of the three phase field 


‘alpha + beta + epsilon and the alpha 


+ epsilon field which have been tenta- 
tively positioned in the isothermal sec- 
tion for this temperature. 

The contour of the alpha solubility 
line has a decided bulge at 60 pct man- 
ganese and 20 pct zinc but the field of 
complete miscibility remains with a 
narrow corridor between the manganese 
solubility curve and the alpha/ alpha + 
beta line. Since the gamma manganese 
phase of the manganese-zinc system, 
which has been treated as the alpha 
solid solution phase of the ternary sys- 
tem up to this point, remains stable at 
this temperature and none of the beta 


or alpha + beta alloys was found to 
contain manganese, it was assumed 
that these two boundaries have not 
joined at this temperature. It must be 
admitted, however, that only a limited 
number of alloys are positioned in this 
area. If a junction of the two lines 
did occur, it would necessarily Ebe 
in the neighborhood of compositions 
containing less than 10 to 12 pet cop- 
per and alloys in the adjacent fields 
would contain precipitated manganese. 

A new three phase field is introduced 
in the manganese rich corner of the dia- 
gram at 1200°F (648°C) based on the 
alpha to beta transition of manganese. 
Here again, the exact position of the 
alpha + alpha manganese + beta 
manganese field has been estimated, 
since all of the experimental composi- 
tions were found to contain only the 
alpha manganese phase. The beta man- 
ganese phase of the manganese-zinc 
system is stable at this temperature, 
therefore the three phase area must be 
placed at some intermediate position. 

Microstructures representative of the 
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FIG 19—Transformed beta and gamma phases of the 10.2 Mn 49.6 Zn alloy quenched from 1100°F. 
> 250. ASTM copper etchant No. 8 with 10 pct acetic acid added. 
FIG 20—A\lpha with traces of beta in the 19.7 Mn 22.2 Zn alloy quenched from 1100°F. 


> 250. ASTM copper etchant No. 11. 


FIG 21—Alpha + beta + alpha manganese structure in 54.5 Mn 19.2 Zn alloy quenched from 1100°F. 


X< 250. ASTM zinc etchant No. 4. 


FIG 22—Beta solid solution with alpha manganese in the 53.2 Mn 21.2 Zn alloy quenched from 1100°F. 


xX 250. ASTM zinc etchant No. 4. 


FIG 23—Beta (dark) + gamma of the manganese-zinc system (light) + alpha manganese (black) in the 48.4 Mn 26.4 Zn alloy 


quenched from 1100°F. 
250. ASTM zinc etchant No. 4. 


FIG 24—Beta (dark) and gamma of the manganese-zinc system (light) in the 47.2 Mn 29.3 Zn alloy quenched from 1100°F. 


various phase fields at 1200°F (648°C) 
are shown in Fig 14 to 17, inclusive. 
Structures containing alpha and beta 
phases are shown in Fig 14 and 15. At 
this temperature, the high manganese 
beta phases are usually retained in the 
quench and do not transform or decom- 
pose. In Fig 14, the alpha phase is 
present in very minor amounts and the 
large grains of beta are restrained by 
the alpha. The alpha and beta structure 
in Fig 15 is representative of alloys 
which are more or less equidistant from 
the respective solubility limits. Fig 16 
illustrates the alpha solid solution + 
alpha manganese alloys. Typical beta 
+ epsilon structure is shown in Fig 17. 

Sweeping changes occur in the cop- 
per-manganese-zinc ternary system as 
the temperature decreases to 1100°F 
(593°C). The construction given in Fig 
6 is a complicated and radical depar- 
- ture from that of the isothermal section 
of Fig 5. The new fields are, however, 
dictated by positive metallographic 
and X ray evidence of the co-existence 
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x 250. ASTM zinc etchant No. 4. 


of the indicated phases in these areas. 
The absence of beta manganese in all 
experimental alloys at 1100°F (593°C) 
and 1200°F (648°C) and the negligible 
solubility of copper in both alpha and 
beta manganese ties these fields to the 
manganese corner. 

The zinc content of the alpha + beta 
field has shifted to still higher values as 
the temperature decreased from 1200 
to 1100°F (648 to 593°C), but the re- 
spective solubility lines of this field 
remain essentially parallel from the cop- 
per-zinc binary to the limit of this field 
at approximately 36 pct manganese. 

Intersection of the alpha + alpha 
manganese and the alpha + beta fields 
creates a four phase invariant plane 
which at 1100°F (593°C) produces the 
two phase field, beta + alpha man- 
ganese, and the two adjacent three 
phase fields, alpha + beta + alpha 
manganese and gamma + beta + 
alpha manganese. Principal evidence 
to support this construction is the som- 
plete absence of beta manganese in any 


of the experimental alloys and the co- 
existence of only the beta and gamma 
phases without either alpha or beta 
manganese. The absence of beta man- 
ganese in the alloys indicates that the 
alpha manganese + beta manganese + 
alpha tentatively placed in Fig 5 must 
sweep toward the manganese-zinc 
binary before the alpha corridor is 
closed by the junction of the alpha + 
beta and alpha + alpha manganese 
fields. Were it otherwise, beta man- 
ganese and beta brass would be found 
to co-exist and this is not the case. 

Representative microstructures for 
the two phase beta + gamma brasses 
are illustrated in Fig 18 and 19. Fig 18 
shows the presence of a small amount 
of the gamma phase associated with 
retained beta. Transformed or decom- 
posed beta and the gamma phase are 
present in Fig 19. 

The microstructures observed for 
several of the ternary alloys containing 
less than 30 pct zinc annealed at 
1100°F, (593°C) are reproduced in 
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FIG 25—Beta (dark) and gamma of the manganese-zinc system (light) in the 52.6 Mn 


26.3 Zn alloy quenched from 1100°F. 
x 250. ASTM zinc etchant No. 4. 


FIG 26—A pha solid solution (light) and alpha manganese (dark) in the 55.4 Mn 13.0 Zn 


Fig 20 to 26. The copper rich alpha 
solid solution with traces of the beta 
phase is illustrated in Fig 20. The 
structure of Fig 21 is somewhat more 
complicated by the presence of alpha 
manganese along with the alpha and 
beta solid solution phases. With such 
structures relief polishing affords a 
rapid method for positive identifica- 
tion of the manganese constituent and 
subsequent etching reveals the beta and 
alpha phases, along with the manga- 
nese. Another characteristic of these 
alloys is the comparatively small grain 
size resulting from the presence of 
manganese which inhibits normal grain 
growth. The constituents in all speci- 
mens within this three phase area were 
also confirmed by X ray diffraction 
data. The precipitation of alpha man- 
ganese within the beta phase is shown 
in Fig 22. Only one specimen was found 
to fall within the narrow three phase 
field beta + gamma + alpha man- 
ganese. The microstructure of this alloy 


annealed at 1100°F (593°C) is given in ° 


Fig 23. Representative structures of al- 
loys containing only the beta and 
gamma phases at 1100°F (593°C) are 
reproduced in Fig 24 and 25. These two 
micrographs clearly demonstrate the 
absence of a manganese phase. The 
presence of the gamma and beta con- 
stituents was confirmed by X ray 
diffraction. Fig 26 is characteristic of 
the alpha solid solution plus manganese 
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alloy quenched from 1100°F. 
xX 250. Unetched. 


alloys. The formation of alpha man- 
ganese in the grain boundaries and cer- 
tain crystallographic planes within the 
grains is quite characteristic of alloys in 
this area. 
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Discontinuous Crack Propagation— 
Further Studies’ 
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L. D. JAFFE,{ Junior Member AIME, E. L. REED,} and H. C. MANN{ 


The authors have recently published! 
evidence that brittle transgranular 
fracture of polycrystalline metals does 
not originate at a point and propagate 
continuously across the material, but 
rather develops at numerous related 
points, leading to a series of micro- 
cracks which subsequently link up. 
Series of related microcracks were ob- 
served in steel specimens broken in 
fatigue—specifically, at the central 
portions which broke during the final 
sudden fracture. 

Microcracks of the type mentioned 
have also been reported by Baeyertz, 
Craig and Bumps? in steel broken 
under impact. { Some micrographs pub- 
lished by Irwin? may possibly be in- 
terpreted as showing discontinuous 
brittle cracks. This paper presents 
additional observations of the authors 
on discontinuous crack propagation 
under various conditions. 


Impact Test Specimens 


The impact test specimens were cut 
longitudinally from a steel forging 
containing: 


0.24| 0.50] 0.15) 0.034] 0.027) 1.52| 0.03] 0.33 


The heat treatment consisted of oil 
quenching in a heavy section from 
1600°F and tempering at 1260°F. The 
resulting yield strength was 78,000 psi, 
tensile strength 100,000 psi, elongation 
20.0 pct in 2 in., and reduction of area 
55.0 pet. Standard V-notch Charpy 
specimens were broken in a 217 ft-lb 
machine at a striking velocity of 16.8 
fps. Energy absorption and fracture 


{Since preparing this article the authors have 
learned that Tipper!? observed such microcracks 
near the fracture of mild steel plates. As the 
work of Baeyertz, Craig and Bumps was carried 
on simultaneously and independently of that of 
the authors, and apparently also without knowl- 
edge of Tipper’s paper,!? the microcracks have 
been found independently by three separate 


groups. Ane 
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FIG 1—Impact transition curve. V-notch Charpy specimens. 


appearance of this material in the 
V-notch Charpy test are plotted as 
functions of temperature in Fig 1. 
After test, fractured halves of speci- 
mens appearing 0, 40, 80, and 100 pct 
fibrous (to the unaided eye) were elec- 
troplated with nickel, sectioned longi- 
tudinally (perpendicular to the notch 
at its midpoint), polished and etched 
with Cohen-Hurlich-Jacobson (C-H-J) 
reagent (picric acid plus Zephiran 
chloride in ethyl ether)‘ or with Vilella 
reagent (1 pct picric plus 5 pet hydro- 
chloric acid in ethyl alcohol).® 

Fig 2 and 3 show cracks near the 
path of final fracture in the specimen 
rated 0 pct fibrous. Many of the cracks 
terminate at the boundaries of ferrite 
grains, some at boundaries of pre- 


Cleveland Meeting, October 1949. 
TP 2682 E. Discussion of this paper 
(2 copies) may be sent to Transactions 
AIME before December 1, 1949. 


Manuscript received May 2, 1949. 
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National Military Establishment. 
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Watertown, Mass. 

1 References are at the end of the 


paper. 


existing austenite grains.* A crack 
often starts near the end of another. 
Cracks within the same ferrite grains 
are parallel or approximately parallel 
in several cases. A large percentage of 
the cracks are branched. t 

Fig 4 illustrated a group of cracks in 
the 40 pct fibrous specimen. Branching 
and parallelism are well marked. No 
more than three directions of crack 
have been observed on the polished 
surface in one ferrite grain. This is con- 
sistent with the evidence® that brittle 
fracture of ferrite takes place on the 
cube face crystallographic planes: the 
{100} planes. The appearance of some 
cracks suggests that they have passed 
around a projecting corner of a second 
ferrite grain by going outside the plane 
of polish. 

In Fig 5 cracks in the 80 pct fibrous 
specimen may be observed. Some of 


* By “ferrite” is not meant primary ferrite, 
but the body-centered cubic phase, within which 
carbide particles may or may not be dispersed. 

+ One of the cracks in Fig 3 seems to contain 
some particles. After lightly repolishing, without 
re-etching, hardly any of the particles could be 
found, but at higher magnification the edges of 
the crack appeared rough. It is thought that the 
particles are fragments torn from the edges and 
lodged in the crack during polishing. 
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FIG 2—Microcracks near final fracture of 
Charpy bar rated O pct fibrous. Broken at 


—57°C, energy absorption 15 ft-lb. 
x 500. Etched 1 min. in C-H-J reagent, re- 


polished 1; min., re-etched 10 sec. Reduced 


approx. one half in reproduction 


the cracks have a step-like path. In the 
area shown the final fracture appears 
transgranular and brittle (‘‘crystal- 
line”), with little if any evidence of 
deformation visible. The austenite and 
ferrite grains are equiaxed. Fig 6 shows 
an area where the final fracture 
appeared transgranular but ductile 
(fibrous), with evidence of local de- 
formation near the break. The austenite 
and ferrite grains are not equiaxed 
and it appears that the material flowed 
in tension perpendicularly to the even- 
tual path of fracture. No microcracks 
are evident in Fig 6. None was found 
near fibrous portions of the final frac- 
ture in the 40 pct or 80 pct fibrous 
specimens, or in any portion of the 100 
pet fibrous bar. All cracks observed 
were within 0.01 in. of a brittle trans- 
granular portion of a final fracture. 


yy 


Service Fracture 


A fracture was examined in a steel 
casting of this analysis: 


Mn P | Si Cr Mo | Ni 


| 
3 s 
| 
0.2 | 0.02 


| 
3 1.02) 0.033} 0. 041] 0.26] 0.05] 0.43 


The casting had been normalized and 


FIG 3—Microcracks very close to fracture 


in same Charpy bar as Fig 2. 
X 500. Etched 1 min. in C-H-J reagent, re- 
polished 14° min., re-etched 10 sec. Reduced 
approx. one half in reproduction 


FIG 4—Group of microcracks in crystalline area near final fracture of Charpy bar 


rated 40 pct fibrous. Broken at +2114°C, energy absorption 52 ft-lb. 
X 500. Etched in Vilella’s reagent. Reduced approx. one half in reproduction 
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drawn, giving a yield strength (0.1 pct 
offset) of 55-58,000 psi, tensile strength 
of 92-95,000 psi, 12-17 pct elongation 
in 2 in., and 13-28 pct reduction of 
area, in room temperature test. Sud- 
den fracture occurred through a ma- 
chined notch under service conditions 
of rapid loading at a temperature of 
—70°F. The fracture appeared to be 
almost completely brittle. It was pre- 
pared for examination in the same 
fashion as the impact test specimens, 
but a 4 pct picral etch was used. 

The crack in Fig 7 is “stepped” 
within a ferrite grain, the “treads” and 
‘‘risers’’ appearing to lie along two sets 
of parallel planes. Neumann bands 
(deformation twins) may be seen in 
several ferrite grains. These twins are 
plainer in Fig 8. Cracks were distin- 
guished from Neumann bands by re- 
polishing the specimen lightly and 
examining without re-etching; cracks 
remained visible, the twins did not. 
Crack segments seem to be approxi- 
mately parallel to Neumann bands 
within the same ferrite grain; some 
crack segments coincide with possible 
extensions of the bands. This suggests 
that microcracks have been nucleated 
at the stress concentrations surround- 
ing the ends of twins, though the 
converse possibility that stress concen- 
trations at the end of stopped cracks 
nucleated the twins cannot definitely 
be ruled out. Neumann bands in iron 
form along {112} crystallographic 
planes and not along the {100} planes.? 

Fig 9 is of interest because it shows 
that microcracks within the metal 
parallel the path of the final complete 
fracture, when both are in the same 
ferrite grain. There is some evidence of 
this in Fig 4 also. 

Micrographs discussed above have 
been at 500X magnification. Fig 10 
shows at 1500 some of the cracks 
previously noted in Fig 9. A crack that 
might be thought ‘‘stepped” at the 
lower magnification is here seen to be 
discontinuous, at least in the plane of 
polish. 


Fatigue Specimens 


Fatigue specimens were cut trans- 
versely from a forging of the following 
composition: 


0.28) 0.74/ 0.014) 0.013] 0.20] 1.00] 0.49] 0.12 


Heat treatment consisted of annealing 
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FIG 5—Some microcracks having a step- 
like path in crystalline area near final frac- 
ture of Charpy bar rated 80 pct fibrous. 
Broken at -+50°C, energy absorption 


75 ft-lb. 


X 500. Etched in VileHa’s reagent. Reduced 
approx. one half in reproduction. 


from 1700°F, then holding 9 hr at 
1675°F, water-quenching, holding 12 
hr at 1150°F, and _ furnace-cooling. 
The material was heat-treated as a 
round approximately 8 in. in diam. The 
resulting yield strength (0.01 pct offset) 
was 105,000 psi, tensile strength 
132,000 psi, elongation 15 pct, reduc- 
tion of area 46 pct and V-notch 
Charpy impact energy 3-9 ft-lb at 
70°F and 2 ft-lb at —40°F. The mate- 
rial was tested in rotating beam fatigue 
at 10,000 rpm as standard R. R. Moore 
specimens with 45° V-notch, having 
0.015 in. radius at the base of the notch 
and a diameter across the notch of 
0.220 in. All tests were at room tem- 
perature. The S-N curve is given as 
Fig 11. 

Several specimens fractured at dif- 
ferent stress levels were prepared for 
microexamination, as described for the 
impact bars. A micrograph of micro- 
cracks in a specimen broken under high 
stress has been published! Fig 12 
shows cracks in a specimen broken at 
the endurance limit: in 1,798,000 
cycles at a nominal stress of 40,000 
psi.* Microcracks were found in the 
fatigue specimens only near the path 
of final, complete, sudden fracture, 
where little or no evidence of deforma- 
tion was observed, and never in the 
‘“‘battered’’ area where progressive 
fracture presumably took place over 
many cycles. No microcracks could be 
found below the notch in a specimen 
fatigued 40,880,000 cycles at 35,000 psi 
which did not fracture. 

At the junction between the “bat- 


tered” fracture and the final sudden’ 


* By nominal stress is meant maximum fiber 
stress calculated at the reduced section without 
_ considering stress concentration. = 
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brittle fracture, there was always ob- 
served a projection that appeared to 
have been highly deformed in longi- 
tudinal tension. An example is shown 
in Fig 13. The significance of this pro- 
jection, as well as of the microcracks, 
will be discussed in the next section. 


Discussion of Results 


Microcracks have to date been ob- 
served by the authors every time they 
have been looked for in areas adjacent 
to a brittle transgranular fracture. An 
explanation of the microcracks in terms 
of a theory of discontinuous crack 
propagation was given in Ref. 1. Briefly, 
it is suggested that a crack propagates 
along a crystallographic plane, in a 
brittle fashion, until it is stopped by a 
grain boundary or by a particle of a 
second phase. New cracks are likely to 
start in the zone of stress concentration 
at the end of the stopped crack. The 


a Say a 
FIG 6—Local deformation in a fibrous 


area near final fracture of same Charpy bar 
as Fig 5. 

x 500. Etched in Vilella’s reagent. Reduced 
approx. one half in reproduction 
process then repeats, leading to discon- 
tinuous branching chains of micro- 


cracks. Cracks may also stop because 


FIG 7 (above)—Step-like crack in ferrite grain near fracture of steel casting. 
x ral in Picral. N = Neumann bands. C = Crack. Ni = Nickel electroplate. Reduced 


approx. one third in reproduction r ; 
FIG 8 (below)—Neumann bands and microcracks near fracture of steel casting. _ 
“x 500. Etched in Picral. N = Neumann bands. C = Cracks. Reduced approx. one third in 


reproduction. a 


— 
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X 500. Etched in Picral. 
FIG 10—Same microcrack shown in Fig 9 at a higher magnification. View reversed left 


to right. 1.4 N.A. 
X 1500. Etched im Picral. Ni = Nickel electroplate. 


STRESS PS.1. 


oe a 


Le 
105 104 105 


106 1o7 
CYCLES 


FIG 11—Fatigue test data. Notched R. R. Moore specimens. 


the elastic energy released by their 
further spread would not be sufficient 
to propagate the crack (to form the 
new surfaces). In this last case, new 
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cracks would have to be at orientations 
which would provide greater energy 
release. 

The probability of further cracking 


near the ends of and within chains of 
microcracks will be much greater than 
elsewhere. The size of continuous 
crack will therefore tend to increase. 
This increase in size raises still further 
the probability of additional cracking 
in adjacent areas. When one continuous 
crack has traversed the specimen, 
macroscopic fracture has occurred. 
The brittle fractures which represent 
final severance of specimens or parts 
are series of linked microcracks. 

Observation of microcracks in impact 
test specimens demonstrates that they 
are not associated with the repetitive 
loading which characterizes fatigue, 
and that series of microcracks can de- 
velop very rapidly (in the time of 
fracturing a brittle Charpy specimen, 
of the order of 10-* sec). 

The microcracks visible in the micro- 
graphs and discussed above are not 
identical with the Griffith defects,® 
sometimes also termed “‘microcracks,”’ 
which are supposed to exist in the 
material prior to stressing. 

The projection observed at the junc- 
tion of the battered and the brittle 
regions in the fatigue specimens sug- 
gests that the material represented by 
the projection was deforming in tension 
while brittle cracking was occurring 
nearer the axis. The final brittle frac- 
ture presumably originated (a major 
series of brittle microcracks first de- 
veloped) either close to the axis or 
a small distance below the tip of 
the progressively advancing “‘fatigue 
crack.”” Fracture originating close to 
the axis is analogous to fracture occur- 
ring in a tensile specimen after neck- 
ing.’ Fracture originating a small dis- 
tance below the tip of the fatigue crack 
is analogous’? to fracture originating a 
small distance below the tip of a 
machined notch, and might be expected 
because the stress there is triaxial 
tension, whereas at the crack or notch 
tip itself only biaxial stress can exist. 
(The stress system ahead of a fatigue 
crack cannot differ much from that 
under a sharp machined notch.!) In 
either case final fracture does not occur 
by propagation inward, in a brittle 
fashion, of the progressive fatigue 
crack. 


Summary 


Series of apparently discontinuous 
microcracks have been found adjacent 
to the path of final brittle failure in 
fatigue specimens, impact specimens, 
and a failed part, made from steel 
forgings and castings. These cracks 
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FIG 12—Microcracks near fracture of fatigue test specimen broken in 
1,798,000 cycles at 40,000 psi. 


White crack-like line indicated by arrow may be a crack which meets the surface 
outside the plane of polish and was partly filled with nickel electroplate. x 500. 


Etched in Vilella’s reagent. 


FRACTURE 


FINAL BRITTLE 


"BATTERED" FRACTURE _ 


FIG 13—Projection at the junction of the ‘‘battered”’ (right) and final fracture (left). 
Same fatigue specimen as shown in Fig 12. X 500. Etched in Vilella’s reagent. Reduced approx. 
two-sevenths in reproduction. 


have been observed every time they 
have been sought in areas close to a 
brittle transgranular fracture. 

It is believed that the microcracks 
_indicate that brittle transgranular frac- 

ture of polycrystalline metals does not 
originate at one point and propagate 
continuously across the material, but 
rather nucleates at numerous related 
points, leading to a series of micro- 
cracks which subsequently link up. 

Microscopic evidence has also been 
found which is interpreted to mean 
that final fracture in a fatigue specimen 
does not occur by propagation inward, 
in a brittle fashion, of the progressive 
“fatigue crack.” Rather, brittle frac- 
ture originates closer to the neutral 
axis and links with the fatigue crack 
_ subsequently. ae 


i 
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The Free Energy Change 
Accompanying the Martensite 


Transformation in Steels 


O 
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J. C. FISHER * 


Martensite transformations in steels 
and other alloys are characterized in 
part by the absence of composition 
changes during the growth of a new 
phase. Transformation occurs rapidly, 
and there is insufficient time for long 
range diffusion or partition of alloying 
elements to take place; martensite reac- 
tions in alloys thus are similar to phase 
transformations in single component 
systems. 

A fundamental understanding of 
martensite transformations in steels is 
impossible without knowledge of the 
free energy change upon transforming 
austenite (face centered cubic iron 
containing alloying elements) to ferrite 
(body centered cubic iron containing 
alloying elements) of the same chemical 
composition. The present paper assem- 
bles the best information available con- 
cerning the influence of temperature 
and composition on this free energy 
change. Most of the material has been 
taken from the work of Johansson,} 
Mehl and Wells,? Zener? and Smith;5 
and indirectly, through these authors, 
from the work of Austin.® 

In agreement with the generally ac- 
cepted viewpoint, martensite is as- 
sumed to be an ordered solution of 


carbon in ferrite of the same composi-' 


tion as the parent austenite; only at 
high temperatures and low carbon 
concentrations is the carbon in ferrite 
distributed at random. The properties 
of the disordered solution are estimated 
by extrapolating the known properties 
of iron-carbon solid solutions into the 
range of supersaturation, and the free 
energy change associated with ordering 
is estimated from the theory developed 
by Zener. By incorporating Smith’s 
recent thermodynamic measurements 
and Zener’s theory of ordering, the 
present analysis modifies previous esti- 
mates of the free energy change associ- 
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ated with martensite transformations. 

Consider a two component system 
consisting of a solvent A and a solute 
B. Let Na and Nz represent mol frac- 
tions of A and B respectively, let 
a4 = y4aNa and ag = ysNz represent 
activities, and let superscripts 1 and 2 
refer to phases 1 and 2. The partial 
molal free energies of A and B in 
phases 1 and 2 can be summarized as 
follows: 


free energy standard 

state 
Fal — Fao! = RT Inag} pure A! 
Fa? — Fac? = RT Inaa? pure A? 
Fs! — Feo = RT In az} pure B 
Fs? — Feo = RT In az? pure B. 


The free energy of a gram atom of 
phase | is* 


NE Nala + NoiF 3} 
and that of phase 2 is 
AF? = N4?F 4? + Nps’. 


A martensite transformation from 
phase 1 to phase 2 requires 


Nie SS INAS = IN aG| 
N=! = N=3? == Ns, 


and the free energy change per gram 
atom accompanying transformation is 


JME Na(Fa? = F,) 
+ Na(Fs? — Fs!) 
= Na(|RT In (a4?/a4!) 
+ AF 4'*?] + Nz RT In 
(ap*/az') 


* A gram atom of solution contains Na gram 
atoms of component A, Neg gram atoms of com- 


ponent B, Nc gram atoms of component C, and 
so on. 


Cleveland Meeting, October 1949, 

TP 2704 E. Discussion of this paper 
(2 copies) may be sent to Transactions 
AIME before December 1, 1949. Dis- 
cussion is tentatively scheduled for 
publication in May 1950 


Manuscript received May 2, 1949. 
* General Electric Co., Schenec- 
tedy, N. Y. . 
“1 References are at the end of the 
paper. : ; 


= N,[RT In (ya2/ya?) 
+ AF4>?] + Ne RT In 
(ys?/Ys!), [1] 


where ya”, Ya', Ys”, Ys! are activity 
coefficients, and where AF'4!~? is the 
free energy change upon transforming 
a gram atom of pure A from phase 1 to 
phase 2 at the temperature in question. 

For martensite transformations in 
plain carbon steels, A = iron (Fe), 
B=carbon (C), 1 = austenite (y), 
2 = ferrite (a), and Eq 1 is 


AFY~>* = Ny [RT In (Yxe*/Yre") 
+ AFy.%°*] + Neo RT In (¥c*%/¥e"). [2] 


Nothing is known concerning the val- 
ues of yp.% and yo* for carbon concen- 
trations in excess of 0.025 pct. How- 
ever, the approximation 


Yre’ = Yre* = 1 


cannot be appreciably in error for small 
carbon concentrations, and Eq 2 re- 
duces to 


AF a Ny AF. Be on 
+ Ne RT In (y¥c%/Ye"). [3] 


Johansson! and Zener® have calculated 
AF;,’~* from the specific heat measure- 
ments compiled by Austin.6* Their 
calculated values agree closely, and are 
summarized in Table 1. 

The activity coefficients relative to 
graphite for carbon dissolved in iron 
vary with temperature according to the 
relationships 


d In yo"/d(1/T) = AHo*/R 
d In y¢%/d(1/T) = AH,%/R 


where AH,’ and AH“ are the heats of 
solution of graphite in y and a iron. 
Assuming the values of AH to be inde- 
pendent of carbon concentration and 
temperature, 


In Yo" = AHo’/RT + I, 
In ¥o* = AH*/RT + 1, 


* Johansson employed also specific heat meas- 
urements from several other sources. 


OCTOBER 1949 


4 


Table 1 


The Free Energy Difference (calories per gram atom) 
Between y-iron and «-iron 


Johansson! Zener’ Johansson! Zener? 
°K —AFFre’ °K —AFFeY °K — AF FeY~’& °K — AFFeY’ 
300 997 273 1045 1050 46 423 —22 
350 938 373 924 1100 25 147 Sor 
400 873 473 784 1150 +10 1523 —18 
450 805 573 622 1179 0 1573 —14 
500 735 673 487 1200 — 4 1623 — 7.5 
550 664 773 342 1250 =f 1673 0 
600 595 873 209 1300 =—15 1773 +32 
650 523 923 147 1350 —18 
700 450 973 98 1400 —18 
750 379 1023 54 1450 -17 
800 310 1073 29 1500 | —16 
850 247 1123 +14 1550 | —13 
900 184 1183 0 1600 — 8 
950 121 1223 — 7 1650 — 2 
975 98 1273 —14 1674 0 
1000 73 1323 —18.5 1700 | + 1 
1033 54 1373 —21 1750 + 6 
Mean Interpolated Values 
Ke —AFFe!*& = Ki —AFFreY’& 2K: | —AFreY ’& °K — AF Fre’ 4 
200 1109 500 738 800 308 1100 22 
210 1100 510 723 810 295 1120 16 
220 1091 520 708 820 282 1140 11 
230 1082 530 693 830 269 1160 + 5 
240 1072 540 678 840 256 1180 0 
250 1062 550 663 850 243 1200 — 4 
260 1051 560 648 860 230 1220 — 7 
270 1040 570 634 87 218 1240 —10 
280 1029 580 620 880 205 1260 —12 
290 1018 590 605 890 192 1280 —14 
300 1007 600 591 900 180 1300 —16 
310 995 610 aad, 910 168 1320 —17 
320 983 620 563 920 156 1340 —18 
330 971 630 | 549 930 144 1360 —19 
340 959 640 535 940 132 1380 —20 
350 946 650 521 950 121 1400 —20 
360 933 660 507 960 111 1420 —20 
370 920 670 492 970 102 1440 —20 
380 907 680 478 980 93- 1460 —19 
390 893 690 463 990 84 1480 —18 
400 880 700 449 1000 75 1500 —18 
410 866 710 435 1010 67 1520 -—17 
420 853 720 420 1020 60 1540 —15 
430 839 730 | 405 1030 | 54 1560 —13 
440 825 740 391 1040 48 1580 —ll 
450 811 750 377 1050 42 1600 — 9 
460 797 760 363 1060 37 1620 — 6 
470 782 770 349 1070 32 1640 — 3 
480 767 780 335 1080 29 1660 -1 
490 753 790 321 1090 26 1680 +1 
500 738 800 | 308 1100 22 1700 + 4 
| | 


’ 

Table 2. Temperature Dependence of Zener’s Order Parameter 
EELC z Ly TC z IG z T/Tc3 z 
1.000 0.377 0.99 0.502 0.90 0.742 0.70 0.924 
0.999 0.418 0.98 0.551 0.88 0.770 0.65 0.947 
0.998 0.434 0.97 0.588 0.86 0.795 0.60 0.964 
0.997 0.446 0.96 0.619 0.84 0.818 0.55 0.978 
0.996 0.457 0.95 0.645 0.82 0.838 0.50 0.987 
0.995 0. 466 0.94 0.668 0.80 0. 856 0.45 0.993 
0.994 0.474 0.93 0.689 0.78 0.873 0.40 0.997 
0.993 0. 482 0.92 0.708 0.76 0.888 0.35 0.999 
0.992 0.489 0.91 0.726 0.74 0.901 0.30 1,000 
0.991 0. 496 0.90 0.742 0.72 0.913 0.25 1.000 
0.990 0.502 0.70 0.924 

een Se es 
Let $=20—2 nl —2 + (1 + 22) In (1 + 22). 

T/Tc ¢ T/Tc ¢ T/Tc ¢ T/Tc & 
1.000 0.396 0.99 0.698 0.90 1.589 0.70 2.590 
0.999 0.484 0.98 | . 0.843 0.88 1.693 0.65 2.764 
0.998 0.523 0.97 0.962 0.86 1.819 0.60 2/911 
0.997 0.553 0.96 1.067 0.84 1.936 0.55 3.032 
0.996 0.579 0.95 1.162 0.82 2046 0.50 3.126 
0.995 0.603 0.94 1.251 0.80 2.150 0.45 3.197 
0.994 0.624 | 0.93 1,333 0.78 2.249 0.40 3.246 
0.993 0.644 0.92 1.412 0.76 21342 0.35 3.275 
0.992 0.663 0.91 1.488 0.74 2/429 0.30 8.289 
0.991 0.681 | 0.90 1.559 0°72 2/512 0.25 295 
0.990 0.698 ae 0.70 21590 0.20. 3,296 
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where J, and J, are integration con- 
stants. The value of RT In (yc*/Yc") re- 
duces to 


RT In (¥c%/Yc") = AHc* — AH” 


4+ RTAI. (Al 


Smith® has determined quite accurately 
the value AH.’ = 10,000 cal per g 
atom. AH¢* is less accurately known, 
Smith having obtained a value 20,000 
cal per g atom from his own experi- 
mental data, and a value 26,000 cal 
per g atom by making use of earlier 
data concerning 6-iron. The value 
AH,* = 20,000 appears to be the more 
reliable, particularly for use at low 
temperatures. Moreover, according to 
a recent theory of austenite decomposi- 
tion,!° AH,* = 20,500 cal per g atom 
gives the best agreement between cal- 
culated M, temperatures and_ those 
determined by Lyman and Troiano’ 
for a series of 3 pet-chromium steels of 
varying carbon content. Therefore the 
value AH,* = 20,500 cal per g atom is 
assumed, and 


RT In (¥c%/Ye’) — 10,500 
+ RT AI. [5] 


Consider the distribution of carbon 
at equilibrium in the two phase y + @ 
region. Then 


AF’ = AF o*, 
RT Inyo'Nc’ = RT iny&Nco* 
and 
¥o%/Ye". = No*/Ne*. 


From the equilibrium boundaries of the 
iron-carbon phase diagram as deter- 
mined by Mehl and Wells? and by 
Smith® the ratio Nc’/ Nc? is 


No’/No% = 0.315/0.0128 = 


at 800°C where the carbon concen- 
trations are relatively low and both 
vo" and yc“ are practically independent 
of carbon concentration.*® Therefore, at 
800°C, 

RT In (¥c*/Ye") [6] 


It is assumed that yc* and Yc’ vary 
similarly with carbon concentration, so 
that the ratio yc%/Yc’ is independent of 
Ne. 

According to Eq 4, 5, 6 the value of 
Ne RT In (y¥c%/Yc") 18 


24.6 


= 6825. 


Ne RT In. (yc8/v0") . 


= No(10,500 — 3.425 T) [7] 


decreasing linearly from 10,500 Ne at 
absolute zero to 6825 Ng at 800°C. 
However, Eq 7 was obtained by an 
extrapolation that effectively assumes 
the solution of carbon in ferrite to re- 
main random at low~ temperatures. 
Zener! has shown that spontaneous 
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FIG 1—Variation of AFY~@ with temperature for several 
3.5 pct chromium steels of differing carbon content, ac- 


cording to Eq 12. 


ordering of the carbon in ferrite takes 
place below the temperature 


Tc = 28,000 Ne (approximately) 


with a decrease in free energy that is 
not reflected in an extrapolation based 
upon high temperature properties; this 
free energy change must be added to 
the value of NgRT In (yc%/¥c") that is 
given by Eq 7. 

The decrease in free energy per unit 
volume on ordering can be derived from 
Zener’s analysis, and is given by the 
expression 


= — lg (% mdz)? E 
+ 14 nkT [2(1 — z) In (1 — z) 
- (D> 22) In (i 4- 2z)| (8) 


ergs per cc where 

ny = 6.03 (10)? No/NsVo carbon 
atoms per cc 
sum of mol fractions of all 
substitutional elements 
Vo = volume corresponding to a 
mol of lattice sites 
1.68 (10)-24 Vo strain per car- 
bon atom 
z = Zener’s order parameter 
E = 1,30 (10)!2 dynes per cm?. 


Ns 


I 


r 


The value of the order parameter z de- - 


pends only upon the temperature ratio 
T/T¢, as given in Table 2, where T¢ is 
determined by the relationship 


To = 3900 VoNec/Ns. [9] 


When No is small, Ns & 1 and Vz 
=> 7.2, leading to the approximate re- 
lationship T, & 28,000 No. Changing 
to the appropriate units, the free 
energy change on ordering is 


AFy = 2.39 (10)-® NsVoAfx [10] 


calories per gram atom. * 


* Zener’s numerical values have been revised, 
following a more accurate calculation of the 
value of z at the critical temperature Te (0.3772 
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Combining Eq 3 and 7, and adding 
AF, to the right hand member of Eq 
7, the free energy change on trans- 
forming austenite to ferrite of the same 
carbon content is 


AFy~¢ = Ny, AF ye * 
+ Ne (10,500 — 3.425 T) 


+AF, [11] 


cal per g atom for plain carbon steels. 

Addition of an alloying element 
alters the value of AF’~* given in Eq 
11 by the amount 


Ny RT in e7y¥s) 


where the subscript t refers to a par- 
ticular alloying element. Almost noth- 
ing is known concerning the ratio 
yi*/yi7 for alloying elements other 
than carbon; in the absence of ade- 
quate information, perhaps the sim- 
plest assumption that can be made is 
that RT In (y:%/7;7) is constant: 


RT (=) see 
With this assumption, Eq 11 becomes 


AFY~>« = NyeAF x. * 
+ Ne (10,500 — 3.425 T) 
+AF x + ZN; RT In (y:%/727) 


vs. 0.33 as given by him), and assuming a mar- 
tensite tetragonality ratio r = 1.053 for a com- 
pletely ordered steel containing 1.28 pct carbon, 
as determined by Lyman and Troiano.’ r = 1.053 
falls between the values r = 1.059 and r = 1.051 
determined by Honda and Nishiyama’ and by 
Kurdjumoy and Kaminsky? respectively. The 
strain corresponding to a tetragonality ratio r 
was assumed to be e = (7 — 1)/(1 + ») where 
v = 0.3 is Poisson’s ratio. Assuming further that 
the density of iron is not altered by the addition 
of carbon, the volume of a gram atom of alloy 
is V = N3Vo cc, and the number of carbon atoms 
per cc is ni = 6.03(10)23 No/N3Vo. 

though it was not so stated in his analysis, 
there must be, according to Zener’s theory, a 
temperature region near the ‘critical tempera- 
ture” Yq where ordered and disordered phases 
of differing carbon content coexist at equilibrium. 
Failure to consider the two phase region leads to 
errors in the value of Af. However, the errors are 
small, and they are not considered further. 
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FIG 2—Variation of AFY>*% with temperature for several 
1.0 pct carbon steels of differing chromium content, ac- 
cording to Eq 12. 


= Nye AF yp. 
+ Ne (10,500 — 3.425 T) 
+ AF, + 2N;iK; [12] 


cal per g atom for the martensite 
transformation in alloy steels. The 
summation includes all alloying ele- 
ments other than carbon. 

Eq 12 is an estimate of the free 
energy change upon transforming aus- 
tenite to martensite, obtained by 
extrapolating the properties of dis- 
ordered iron-carbon solutions into the 
supersaturated range, and employing 
the theory of ordering developed by 
Zener. AF?~* values calculated froni Eq 
12 are used by Fisher, Hollomon, and 
Turnbull” in their analysis of austenite 
— martensite transformation kinetics. 
They suggest a value Ko, = 1200 cal 
per g atom for chromium, leading to 
variation of AFY~* with temperature as 
shown in Fig 1 and 2 for a number of 
chromium steels. 
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Kineties of the Austenite- 
Martensite Transtormation 


J. C. FISHER,* J. He. HOLLOMON,* Junior Member AIME, and D. TURNBULL* 


Application of the concepts of nu- 
cleation and growth to the analysis of 
experimental transformation data has 
led to valuable descriptions of phase 
transformations, an outstanding exam- 
ple being the transformation austenite 
— pearlite which has been examined 
with particular care by Mehl and co- 
workers.!—* In addition to the pearlite 
transformation, the proeutectoid fer- 
rite and proeutectoid carbide trans- 
formations are known to proceed by 
nucleation and growth. Martensite, on 
the contrary, until recently was thought 
to form by a mechanism involving 
neither nucleation nor growth; how- 
ever, extension of standard nucleation 
theory® suggests that martensite, bain- 
ite, and the other products of austenite 
decomposition all grow from nuclei in 
the parent phase. The theory that mar- 
tensite forms by nucleation and growth 
is strongly supported by recent experi- 
mental work of Kurdjumoy and 
Maksimova.’ 

The concepts of nucleation and 
growth have been fruitful also in pro- 
viding a sound basis for quantitative 
theoretical treatments of the kinetics 
of phase transformations. For example, 
Volmer and Weber® and Becker and 
Déring? developed the theory of nuclea- 
tion from fundamental considerations 
to a point where excellent agreement 
was obtained with the results of experi- 
ments on the condensation of super- 
cooled vapors. As a result of their 
analysis, the kinetics of vapor-liquid 
transformations now can be predicted. 
It seems probable that application of 
the theories of nucleation and growth 
to a quantitative study of austenite 
decomposition similarly will clarify 
the nature of the individual transfor- 
mations involved, and will enable the 
calculation of austenite transformation 


Ni 


_ kinetics. Z 
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In the present paper, the theories of 
nucleation and growth are applied to 
the austenite > martensite transfor- 
mation in steels. The analysis begins 
with a discussion of nucleation in single 
component systems. Martensite ap- 
pears to be coherent with the parent 
austenite, hence the nucleation theory 
is modified to include the effects of 
elastic distortion. Nucleation in the 
two component iron-carbon system 
then is discussed, for most steels are 
primarily alloys of these two elements. 
Finally, M, temperatures and mar- 
tensite transformation curves are cal- 
culated for each of several alloy steels 
of varying carbon and chromium con- 
tent, and are compared with those 
determined experimentally by Lyman 
and Troiano” and Harris and Cohen.” 


Nucleation Theory 


NUCLEATION IN SINGLE 
COMPONENT SYSTEMS*!2-!4 


The work required for reversible for- 
mation of a region of phase 6 within 
the parent a phase is expressed con- 
veniently as the sum of two terms: 
W, = Ao, the product of the area of 
the interface and the interfacial free 
energy, and W, = VAf, the product of 
the volume of the region and the free 
energy increase per unit volume associ- 
ated with the transformation. The 
total work is therefore W = Ao + VAf. 
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When a is more stable than £, Af is 
positive and W increases without limit 
as the volume increases. The trans- 
formation a— 8 does not occur. It is 
nevertheless true that small regions of 
phase 8 enjoy temporary existence here 
and there in the a. The equilibrium 
number of 8 regions of given size is 
proportional to exp(— W/kT) per 
unit volume of a, assuring that larger 
8 regions occur with diminishing 
probability. 

When a is less stable than 6, Af is 
negative and W passes through a maxi- 
mum as V increases. Assuming for sim- 
plicity that regions of 8 are spherical, 
as is true when the interfacial tension 1s 
isotropic and there are no elastic 
strains, 


W = Anr’o + (4/3)areAf. 
The maximum value of W is 
W* = l6ma?/3Af? [1] 
for regions with radius 


—20/Af. [2] 


pe = 


For single component condensed sys- 
tems it has been shown!‘ that the 
steady rate of nucleation of 8 per unit 
volume of untransformed a is nearly 
proportional to exp[— (W* + Q)/kT] 
where Q is the activation energy for the 
unit processes of adding or removing 
one atom from an embryo or nucleus. 
If Ty is the temperature at which a and 
8 are in equilibrium, the rate of nuclea- 
tion is a maximum at a temperature 
0 < T < Ty where (W* + Q)/kT isa 
minimum. 

6 regions smaller than critical size are 
called embryos; they tend to grow 
smaller and disappear, only exception- 
ally growing larger. Regions equal to or 
larger than critical size are called nu- 
clei. A critical size nucleus may grow 
indefinitely large or may shrink back 
to a, either process decreasing the free 
energy of the region. 
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FIG 1—Growth 


we oe mo ow wo oe eo ee ce cece cece ccccocs 


of a martensite plate, 


schematic. 
Arrows indicate direction of motion of parent 


phase. 


It is important to recognize that 
embryos and nuclei do not sud- 
denly appear full size in the parent 
phase.’?:15 They grow larger and 
smaller by a series of essentially bi- 
molecular reactions, 


TOl—="3 9, 
Bae + =! Saat 


(Byrea oa Bmwe 


[3] 


Cn ta, 


where a represents a single atom or 
molecule of phase a, and §; represents — 
an i-atom region of phase 8. 8», where 
m=10 for metals, represents the 
smallest possible region having the 
structure of 8. For 8; smaller than criti- 
cal size, the specific rate of decomposi- 
tion of 8; is greater than that of forma- 
tion. For 8; larger than critical size the 
converse is true. 

The unit processes of adding or re- 
moving a atoms have activation ener- 
gies, and occur in finite time. If the 
temperature of a sample of a is 
changed rapidly from equilibrium at 
Ti = To where a is stable, to oes, <a To 
where £ is stable, the embryos at 7; 
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may be retained at the new tempera- 
ture; with rapid quenching there may 
be insufficient time for the set of reac- 
tions B;_1 + a = B; to lead to appreci- 
able change toward establishment of 
the steady state 6,—distribution char- 
acteristic of T_;. 

If T_, is sufficiently below To, the 
larger embryos of 6 retained during 
quenching from 7, will become nuclei 
during cooling as the critical size de- 
creases. These nuclei then grow. The 
metamorphosis embryo — nucleus that 
takes place during cooling is inde- 
pendent of thermal motion in the sense 
that no additional a@ atoms need be 
activated and added to the 8 region. 
For this reason nucleation resulting 
from the decrease in r* with falling 
temperature has been termed athermal 
nucleation, in contrast to thermal nu- 
cleation which takes place isothermally. 

It may happen that W*/kT_, is so 
large that the steady rate of nucleation 
at T_, is negligible. Transformation 
a— then is initiated entirely by 
athermal nucleation. If the growth rate 
of 6 regions is rapid, and the size of a 
8 grain is limited by changes in a 
orientation that occur at a@ grain 
boundaries, 8 will be observed to form 
only upon cooling of the a. If cooling 
ceases, athermal nucleation and there- 
fore transformation also ceases. If the 


cooling is continued, transformation 
continues. 

Interrupted cooling can lead to “‘sta- 
bilization of the retained a’’ when re- 
tained embryos of nearly critical size 
grow smaller and decrease in number 
as the steady state distribution charac- 
teristic of the holding temperature is 
approached. Subsequent cooling then 
produces fewer athermal nuclei than 
would have been produced by direct 
cooling to the final temperature. 


NUCLEATION OF COHERENT 
PHASES 


The elastic distortion accompanying 
transformations in solids frequently is 
so large that it cannot be neglected in 
calculating nucleation rates. Consider 
for example a transformation that 
occurs by the mechanism sketched in 
Fig 1. The phases are coherent in the 
sense that lines and planes of atoms are 
continuous across interfaces. The habit 
plane, or a plane that is parallel to the 
plate of 8, is not necessarily rational. 
The transformation is evidently a 
“shear type”’ transformation; however 
the figure suggests that the final dimen- 
sions of a 8 plate are attained by 
growth, not by homogeneous shear or 
shears throughout the volume to be 
transformed. 

The idea that “‘shear type”’ trans- 
formations are accomplished by homo- 
geneous shears seems questionable in 
view of the very high activation energy 
associated with an entire 6-plate in the - 
partly-sheared condition. No such dif- 
ficulty arises when the configuration 
between 6-nucleus and full size B-plate 
is recognized to be a growing plate of 
intermediate size. It is suggested below 
that martensite is a coherent precipi- 
tate. Martensite plates are assumed 
therefore to form by the mechanism of 
Fig 1, successive layers of atoms being 
deposited one atom at a time as the 
parent phase moves relative to the — 
plates. 

Assume a coherent embryo or nu- 
cleus of radius r and of thickness 6 at 
the center, the two surfaces of the 
plate being portions of spheres of large 
radius. The volume of the embryo is 


V = ar’6/2 [4] 
and its surface area is 


A = 2nr? [5] 


to a good approximation when 6 < r. 
The formation of a coherent 8 embryo 
in a requires (1) formation of a co- 
herent a-G interface, (2) transformation 
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of a yolume of @ to B, (3) concentration 
of elastic energy in the a (and to a 
lesser extent in the 8). 

Consider a sphere with center at the 
center of a thin coherent plate and with 
radius proportional to the radius of the 
plate. Select any point in the sphere 
(say on a line perpendicular to the 
plate at its center and at half the 
radius of the sphere). The elastic strain 
at the point is proportional to the ratio 
of the plate thickness to its radius, 


e~m 6/r 


as long as 6 <r. The strain energy per 
unit volume at the same location is 
proportional to the square of the strain, 


E, ~ (6/r)?. 


A similar proportionality holds at 
every point in the sphere; hence the 
total strain energy in the a is propor- 
tional to the product of (6/r)? and the 
volume of the sphere, 


E = (36/4) (6/r)? (4ar?/3) 
= Orrd*. [6] 


Here 36/4 is the 
constant. 

The work associated with the reversi- 
ble formation of an embryo of radius r 


and thickness 6 is therefore 


W = 2ar’o + wr26Af/2 + Orrd?. [7] 


proportionality 


The most probable shape for an em- 
bryo of volume V is that for which W is 
a minimum. Minimizing W with the 
condition V = constant leads to the 


relationship 
r = 3067/40 [8] 


which relates r and 6 for minimum free 
energy embryos. 

Most embryos are minimum free 
energy embryos. The work associated 
with the reversible formation of an 
embryo of thickness 6 is therefore 


W = 1516264/80 + 970?6°Af/320°. [9] 


W has a maximum 


W* = 819276203/27Af* _—[10] 
for nuclei with thickness 
6* = —160/3Af {11] 
and volume 
V* = —32,76810203/27Af®. [12] 


“Coherent nuclei grow as plates that 
finally are stopped at the edges by a 
grain boundaries, particles of a second 
phase, or other crystal discontinuities. 
Each plate thickens until the value of 
W associated with its formation from 


the aw is a minimum. The plate then is 
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in equilibrium with the a@ and does not 
further thicken. Minimizing W at con- 
stant radius leads to the relationship 


5/r = —Af/40 [13] 


for full size coherent plates. 

The ratio 6*/r* for coherent nuclei of 
critical size is also 6/r = —Af/4@ and 
experimental observation that 6<r 
for fully grown coherent plates justifies 
the assumption that 6 <r for the cor- 
responding nuclei and embryos. 


Martensite 


It is generally agreed that martensite 
is ferrite supersaturated with carbon of 
the same concentration as the parent 
austenite. Large amounts of dissolved 
carbon slightly distort the dbody-cen- 
tered cubic structure of ordinary ferrite 
toa body-centered tetragonal structure. 
Martensite forms in thin lens-shaped 
plates that have definite orientation 
and habit relationships with the parent 
austenite. Transformation takes place 
primarily during cooling, and the 
growth of individual plates is very 
rapid. 

These observations concerning mar- 
tensite formation suggest the identifica- 
tion of martensite as supersaturated 
ferrite that forms by rapid coherent 
growth of athermal nuclei. 

Martensite embryos come into being 
at the austenitizing temperature. Al- 
though a particular embryo has only 
transient existence, there is a definite 
equilibrium concentration of embryos 
of any given size. During quenching, 
the largest embryos find themselves 
supercritical for coherent growth, and 
they grow rapidly to full-size marten- 
site plates. 

Although both coherent and non- 
coherent embryos are present at the 
austenitizing temperature, only non- 
coherent embryos can be retained dur- 
ing quenching. Even at cooling rates as 
great as 10,000°C per sec, about 0.1 sec 
is required to reach the martensite 
start temperature from the austenitiz- 
ing temperature. Individual martensite 
plates are observed to form in times of 
the order of 10-4 sec, indicating that 
the rate of coherent growth of mar- 
tensite is very great. The life of co- 
herent embryos therefore must be less 
than 10-4 sec, and during a time as 
long as 0.1 sec a given embryo will 
disappear; further, the largest em- 
bryos do not reform, for at lower tem- 
peratures the steady concentration of 
coherent embryos decreases in propor- 
tion to exp(—-W/kT). (Effectively, 


coherent embryos always are present 
in the equilibrium or steady state con- 
centration, while only noncoherent 
embryos, which require relatively long 
times to grow or shrink, can be re- 
tained during quenching. 

A non-coherent @-G interface differs 
from a coherent interface in that non- 
coherent a and 6 structures get out of 
step occasionally, producing essen- 
tially a series of dislocations spaced 
along the interface. When 6 consumes 
a by non-coherent growth, existing dis- 
locations move with the interface, and 
new dislocations appear where the 
interfacial area increases. However, it 
is possible also for 8 to consume a by 
coherent growth, leaving behind in the 
6 the dislocations that initially were 
present at the a-G interface. Coherent 
erowth of martensite from non-co- 
herent ferrite nuclei therefore presents 
no contradiction. 

Most martensite plates nucleate at 
embryos that have the minimum free 


energy of formation consistent with be- 


coming nuclei at the low temperature, 
for these embryos are present in the 
greatest numbers. Let the critical size 
V* for coherent growth of supersatu- 


rated ferrite (martensite) at a low 


temperature be as sketched in Fig 2A 
for a given iron-carbon alloy. Fig 2 
suggests possible configurations for the 
embryos that are primarily responsible 
for martensite nucleation upon cooling 
to the low temperature in question. 

Embryo (B) is a non-coherent ferrite 
region of size V*, having the same car- 
bon content as the austenite. Embryo 
(C) is a non-coherent ferrite region of 
the same size, but with the equilibrium 
amount of carbon for ferrite in contact 
with austenite.t The free energy of 
forming embryo (C) evidently is less 
than that of forming embryo (B), 
hence embryos similar to (B) do not 
contribute significantly to the mar- 
tensite transformation. 

Embryo (D) is a carbon-free aus- 
tenite region of size V*, containing a 
small non-coherent ferrite region just: 
large enough to nucleate coherent 
growth in pure y-iron at the low tem- 
perature. Upon quenching, the ferrite 
region in embryo (D) becomes a nu- 
cleus for coherent growth in carbon- 
free austenite; it grows to the boundary 
of the carbon-free region. Then, how- 
ever, it is supercritical for growth in 
austenite of average carbon concen- 
tration, and it continues its coherent 
growth. The free energy of forming 


+ The equilibrium concentration of carbon is so 
low that it is assumed to be zero. 
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Table 1. . . Calculated Free Energy Change in Calories per Mol of Lattice 
Sites for the Austenite — Martensite Transformation in 12 lron-Chromium- 
Carbon Alloys Studied by Lyman and Troiano!”!® and Harris and 


Cohen'! 
Pct C ! {2B 0.69 ie 04. 
Pet Cr* | 3.45 3.39 | 3.73 | 3.38 | 3.44 | 3.56 | 3.48 18 | 2.16 | 4.36 | 6.32 | 9.46 
T°K AFm AFm AFm AFm AFm AFm AFm AFm AFm AFm AFm AFm 
1020 44 71) 
1000 = 9 
980 — 18} + 4 
960 = gs! = ie 
940 = AG) = Sei) as 
920 = 70) = Bs] = 1 
900 =102|\— 7 Sie = 36 : me 
880 125) 102)" = S9le— 21 
860 S150) 15) = BR) = 22 
840 = 175| 15010107) = 68 
820 XN) 1A) Sagal) = op] Seg 
800 —224| —199| —155| —116|.— 5 
780 —250| —225| —180] —140] — 29 
760 —277| —252| —205| —166| — 54 + 19 
740 —304| —279} —231| —192| — 79 11 = ib 2 
720 —331| —306] —259| —219] —106] — 16 = 6) = Baek 5 
700 —358| —333] —286] —246| —133] — 43] + 7h = ill) = Gall Gel) Se aig} 
680 —386| —361] —313| —272] —160}] — 69} — 19] — 89] — 79] — 49] — 13 
660 —413] —388! —340| —299| —187 95 46| —116| —106| — 75] — 38| -— 11 
640 —440| —415| —366| —325| —212] —121| — 72] —142| —132] —101| — 63] — 13 
620 —467| —441}| —391| —351| —238] —147| — 97} —168| —158} —126| — 89| — 37 
600 —467| —418| —377| —264| —172| —122| —195| —184) —152] —113| — 61 
580 —494| —445| —402] —291| —199| —148] —222] —210| —178] —139] — 86 
560 —521| —472} —428} —318} —225| —174] —248] —237| —204] —164| —110 
540 —499| —456} —345| —253] —201| —276| —265| —231] —191| —135 
520 —527| —484| —373] —280| —228] —305} —293| —259] —218] —161 
500 —555| —511} —401] —308] —256] —333| —321| —286| —245| —187 
480 —538| —428} —335] —283] —360| —348] —313] —270| —212 
460 —566| —455| —362| —310| —387| —376| —339] —296| —237 
440 —593| —481| —388] —336| —414| —403] —365| —321| —261 
420 —618} —508| —414| —360| —441| —428] —391] —346| —285 
400 — 644] —533| —439]| —385] —467}/ —453] —415| —370| —308 
380 —669| —559| —463| —410| —492] —478| —440] —394| —331 
360 — 694} —583| —487| — 433] —516| —503| —464| —417| —353 
340 —718] —606| —510| —456| —540| —527| —487| —440| —375 
320 —T41| —629| —532| —478] —563} —549| —509] —461| —396 
300 —762} —652) —554| —500| —585| —570| —530| —482] —416 
280 —574| —520) —606| —591| —549| —502) —435 
260 —595| —538] —626] —611| —569| —520| —454 
240 —614| —556| —645| —630| —588} —538| —471 
220 —574| —662| —647| —606| —555| —487 
200 —590| —680| —664| —622| —571| —502 
* Pi pet manganese is counted as 2P1 pct chromium, and P» pet silicon as P2 pet iron. 
embryo (D) is less than that of forming Fe (solution of iron and carbon) 
embryo (C), for embryo (C) requires —Fe [14] 


a larger ferrite region with greater area 
of interface and greater volume of the 
unstable phase. 

Although embryo (E), with carbon 
concentration increasing from zero at 
the boundary of the ferrite region to the 
average value at the boundary of the 
volume V* has a free energy of forma- 
tion somewhat smaller than does em- 
bryo (D), it is assumed, for ease of 
calculation in the following analysis, 
that martensite nucleates from em- 
bryos similar to embryo (D). 

The free energy of formation of em- 
bryo (D) is the sum of two free ener- 
gies; (1) that required to clear the 
carbon from a volume V*, and (2) that 
associated with formation of the small 
ferrite region. It is assumed that the 
free energy required for formation of 
the small ferrite region is small in com- 
parison with that required to clear the 
carbon from volume V*. 

The free energy change accompany- 
ing the reaction 
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corresponds to a transfer of all carbon 
from one gram atom of iron in aus- 
tenite of initial carbon concentration 
Ne to a large reservoir of austenite of 
carbon concentration Ne. The activity 
constant for the reaction is 


K = Ape/Are(c) = 1/apecey 


taking the activity of pure iron as 
unity. The corresponding free energy 
change is 


AF — AF) = RTInK 
eee RT In Aye(Cc)- 


The standard free energy change AF) is 
zero, hence 


AF = —RTina [15] 


cal per g atom of iron where the sub- 
script has been dropped and In a repre- 
sents the logarithm of the activity of 
iron in an iron-carbon alloy.15 

The activity of iron in austenite has 
been determined by Smith.1* He shows 


that the relationship 


—Ina = Nc/N; + {6.5 — 6 exp 


(— 1500/RT)] (Ne/N:)? [16] 


gives satisfactory agreement with the 
experimental values over the entire 
temperature and composition range 
investigated. Ne is the mol fraction of 
carbon, and JN, is the mol fraction of 
iron. It is assumed in the following 
analysis that Eq 15 and 16 hold for 
steels of arbitrary composition when 
N, is taken as the sum of the mol 
fractions of all substitutional elements. 
The free energy change upon re- 
moving the carbon from a small region 
containing only n interstitial positions 
is 
Af, = — (n/N) RT ina 


= —nkT Ina. [17] 


The equilibrium number no of carbon- 
free regions containing n lattice sites is 
proportional to erp (— Af,/kT) = exp 
(n Ina). Assuming ideal mixing of 
carbon-free regions and the remaining 


_iron atoms the proportionality factor is 


N per mol of lattice sites,® giving 


no = Nexp(n Ina). [18] 


The number of regions larger than a 
critical size n* is 


2} 
ny, = ft nodn 
n= n* 


= — (N/Ina) exp(n* Ina) [19] 


per mol of lattice sites. 


CALCULATION OF M, 
TEMPERATURES 


Fisher!” has assembled information 
concerning the free energy change 
upon transforming austenite to mar- 
tensite. The free energy change is 


ARR = NyeAF ye 
+ Ne (10,500 — 3.4257) + AF, 
+ NeoRT In (Yor*/Yor?) [20] 


cal per g atom for iron-chromium-car- 
bon alloys,t where the symbols have 
the following meanings: 

AF,,’ = free energy change upon 
transforming a gram atom 
of austenite to martensite 
(in the absence of elastic 
distortion associated with 
coherency). 

AF. = free energy change upon 
transforming a gram atom of 
y-iron to a-iron. 

AF, = free energy change accom- 


tA gram atom of iron-chromium-carbon alloy 
contains NrFe, Ncr and Nc mols of iron, chrom- 
ium andcarbon. | 
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panying the disordered-car- 
bon— ordered-carbon trans- 
formation in a gram atom of 
martensite. 
Nye = mol fraction iron. 
Ne = mol fraction carbon. 
Nor = mol fraction chromium. 
R = gas constant, 1.986 cal per 
mol °K. 
T = temperature, °K. 


mium in a phase. 
Yo:! = activity coefficient for chro- 
mium in y phase. 
As yery little is known concerning 
Yo:* and ¥c,’, the approximation RT 
In (Yor"/Yor’) = Ker is made, where 
Ke, is a constant.!7 
Let NV. be the sum of the mol frac- 
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FIG 2—(A) Critical size for martensite 
growth. (B-E) Possible martensite embryos, 


schematic. 
Dots represent carbon atoms. 


tions of all substitutional elements. 
The free energy change per mol of lat- 
tice sites is then 


AF» = (Nye/N.)AF re 
+ (No/N;)(10,500 — 3.4257) 


+ AF,/N, + (Nor/N2)(1200). [21] 


The choice Kc, = 1200 cal per g atom 
is justified in the following analysis. 
AF,, enters naturally into nucleation 
theory, for the free energy change per 
mol of lattice sites is very nearly pro- 
portional to the free energy change per 
unit volume. Table 1 gives values of 
AF,, vs. temperature for the 12 steels 
of interest in the present report. 

It has been suggested that marten- 
site nuclei form in carbon-poor austen- 
ite regions, and that the number of 
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martensite plates that form on cooling 
to a given temperature is equal to the 
number of carbon-free regions in the 
austenite that exceed the critical size 
for coherent growth of martensite 
nuclei in austenite of average carbon 
concentration. 

According to this interpretation 
there is no sharply defined M, tem- 
perature above which martensite does 
not form. However, there is a definite 
temperature, the experimental M, 
temperature, at which the probability 
of finding a martensite plate during 
microscopic examination of a given 
specimen area is say 0.5. This tempera- 
ture corresponds to a definite number 
of martensite plates per unit volume 
of iron. An equation for the experi- 


3.56 % Cr 
ASS OES 
6.32 


x 
ae i 


dice 4 Ae 


CARBON CONTENT, Nc/Ng 


FIG 3—M, temperature for 3 pct chromium steels as a function 


of carbon content. genes, 
i lues determined by Lyman an roiano, 
ani (0.38 | nt only) by Klier and Lyman.” Curye calculated from 
Eq 25. oe 
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CHROMIUM CONTENT, Nor /Ng 


FIG 4—M, temperature for 1 pct carbon steels as a 


function of chromium content. 
Experimental yalues determined by Lyman and Troiano.'* 
Curve calculated from Eq 25. 
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mental M, temperature can be ob- 
tained therefore by setting the expres- 
sion for the number of martensite 
nuclei (that is, the number of carbon- 
free austenite regions as large or larger 
than the volume of a critical size 
martensite nucleus) per mol of lattice 
sites equal to a constant, 


n, = —(N/Ina) exp(n* Ina) = K,. 
[22] 


Since the order of magnitude of In a 
is the same for all steels for which M, 
is determined, the above condition is 
practically equivalent to stating that 
the exponent n* In a is constant, 


[23] 


ph Vie = IGG, 


The number n* of lattice sites in a 
critical size martensite nucleus is pro- 
portional to its volume V* which 
is in turn proportional to AF,,,—> (see 
Eq 12). Here AF, ~ Af is the free 
energy change in calories per mol of 
lattice sites for transformation to 
supersaturated ferrite. The equation 
for the M, temperature is therefore 


AF,, = K;(—In a)” [24] 


or substituting the value K; = —800 
which was found to give the best 
agreement with the data: of Lyman 
and Troiano,!°. 


AF, + 800(—In a)* = 0. [25] 


M, temperatures calculated from 
Eq 25 are compared in Fig 3 with the 
experimental values determined by 
Lyman and Troiano!® for seven 3 pct 
chromium steels containing from 0.08 
to 1.28 pct carbon. Values of AF,, 
and —ln a required for the calculation 
are given in Table | and Eq 16. 

M, temperatures calculated for four 
1 pet carbon steels of varying chro- 
mium content are compared with the 
experimental values of Lyman and 
Troiano!’ in Fig 4. The value Ko, = 
1200 cal per g atom was selected to 
give agreement between Eq 25 and 
these experimental data. 


MARTENSITE TRANSFORMATION 
CURVES 


A martensite transformation curve 
gives the fraction of martensite, or the 
remaining fraction of untransformed 
austenite, as a function of quenching 
bath temperature for specimens cooled 
as rapidly as possible from the austen- 
itizing temperature. The growth of 
individual martensite plates is stopped 
by austenite grain boundaries, pre- 


viously formed martensite plates, and ° 


other crystal discontinuities that do 
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not allow coherent growth across an 
interface. The size of the first few 
martensite plates that form in a 
specimen of austenite containing no 
undissolved carbides is determined, 
therefore, by the austenite grain size. 
The size of later martensite plates is 
determined by the size of the pockets 
of untransformed austenite remaining 
among previously formed martensite 
plates. Calculation of martensite trans- 
formation curves requires an estimate 
of the size of these austenite pockets 
as a function of austenite grain size 
and number of martensite plates. 

Let Vo be the volume of a mol of 
lattice sites, let qVo be the volume of a 
single austenite grain, and let mqVo be 
the volume of an average martensite 
plate that forms near M,. 

After n plates have formed, the 
mol of lattice sites is cut up into 
chunks about qgVo/(qn + 1) ce in size. 
Let V, be the volume of martensite 
formed. Slightly below M., dV,/dn = 
mqVo/(qn + 1) is the volume rate of 
transformation per martensite plate. 
A bette: approximation to dV,,/dn is 


dV »/dn = mq(Vo — Vm)/(qn + 1) 
[26] 


where Vo has been replaced by Vo — 
V,»= V., the remaining volume of 
untransformed austenite. 

Integrating, —In (Vo — Vm) = mln 
[c(qgn + 1)] where c is the integration 
constant. V,, = 0 when n = 0, hence 
—In Vo = mine and 


1— Ver AVG = Vi/Vo = (qn + 1)-™. 
[27] 


Let no be the number of martensite 
nuclei that would have appeared in the 
absence of nucleus growth. n, the -ac- 
tual number of martensite plates, is 
related to no by the equation 


dn/dno = Va/Vo = (qn+ 1)-™. 
Integrating, 
(qn + 1)™*1/(m + 1) = gno + ee. 
The value of cz is 1/(m+ 1), giving 
(qn + 1)™** = (m+ 1)qno+1 


[28] 


or 


(qn + 1) 
= [ m + l)qno + L]-m/ mt) 
=> (qno + 1)-™ [29] 
since m <1. 


Therefore, the fraction of retained 
austenite is 


_Va/Vo = (qno+1)-™ [30] 


where 


no = —(N/In a) exp(n* In a) 


= —(N/In a) exp(V* Ina/vo) [31] 


is the number of martensite nuclei, q is 
the reciprocal of the number of austen- 
ite grains per mol of lattice sites, vo is 
the volume per lattice site, and m<1 
is a function of the shape of the mar- 
tensite plate. 

Let the ASTM grain size be g. There 
are then 29-! grains per sq in. visible at 
100 diam, or 10429-1 grains per sq in. 
The area of an average spherical 
grain cut at random is A = 2zr,?/3, 
hence the radius of a typical grain fol- 
lows from the relationship 


104224 Oar,7/ 3). 
giving 
re = M2 i. 
— 82,5 (0) ee Cre 


The volume per austenite grain is 
7 = Any ,3/ os — 10510) same Tee, 


and the number of austenite grains per 
mol of lattice sites is Vo/V; where 
Vo = 7.2 cc is the volume occupied by 
a gram atom of iron. The value of q is 
therefore 


q = Vi/7.2 = 9.0(10)-®2-%0/2 [32] 


mol of lattice sites per austenite grain. 
The volume of the average austenite 
grain is 
darr,?/3 = qVo, 


and the volume of the average mar- 
tensite plate that forms in such a grain 
is 

3(6/r)r*r,3/32 = mqVo 


where 6/r is the thickness to radius 
ratio for martensite plates. The ratio of 
plate volume to grain volume is 


m = 9r(5/r)/128, 
or 


m = —9rAf/5120 = —pAF,, [33] 


taking 6/r = —Af/40 as given in Eq 
13. « is the constant of proportionality 
between m and AF,,. 

Martensite transformation curves 
now can be calculated by means of Eq 
30, where no is given by Eq 31, q by 
Eq 32, and m by Eq 33. The coefficient 
» in Eq 33 is the only unknown param- 
eter. The best agreement between cal- 
culated transformation curves and 
those determined experimentally by 
Harris and Cohen! is obtained when 


BH = 7(10)-5. [34] 


Fig 5 and 6 compare calculated and 
experimental curves for a 1.1 pct car- 
bon steel and a 1.1 pct carbon, 1.5 pet 
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TEMPERATURE IN DEGREES K 


FIG 5—Martensite transformation curve for 1.1 pct carbon 


steel. 


Experimental points determined by Harris and Cohen.!! Curve 


calculated from Eq 30. 


chromium steel. 

Two important effects have been 
neglected in calculating martensite 
transformation curves. It is observed 
frequently that the growth of one mar- 
tensite nucleus immediately sets off 
the growth of several others in the 
strained austenite adjacent to the first 
martensite plate. Elastic strains set up 
by the first plate presumably have 
altered the critical size for growth of 
otherwise subcritical nuclei, so that a 
few of them become supercritical and 
grow. Further, when a significant frac- 
tion of austenite is transformed, inter- 
action of the stress fields around 
neighboring martensite plates allows 
them to thicken considerably in com- 
parison with the equilibrium thickness 
for an isolated plate. Both the multi- 
plication effect and the thickening ef- 
fect lead to increased transformation 
over that given by Eq 30, the dis- 
crepancy becoming large when a signi- 
ficant amount of martensite is present. 


Significance of the Agree- 
iment between Theory 
and Experiment 


M, temperatures and martensite 
transformation curves have been calcu- 
lated from the basic assumptions that 
martensite and austenite are coherent, 
and: that martensite grows by the 
mechanism sketched in Fig 1. Agree- 
ment between theory and experiment, 
summarized in Fig 3-6, is satisfactory, 
although it can be contended that the 


significance of this agreement is di- 


+ 


minished by the arbitrary choice of 
values for the two parameters 0 (the 
coefficient of the strain energy term in 


the equation for the work of forming — 
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a coherent embryo) ando (the coherent 
interfacial free energy). 

Certainly, however, the significance 
of the agreement will be increased if it 
can be shown that the value of 6 re- 
quired for calculation of martensite 
transformation curves is that given by 
elasticity theory, and if it can be shown 
that the value of ¢ required for calcula- 
tion of M, temperatures is reasonable 
in comparison with known surface and 
interfacial free energies. 


THE SHAPE OF A MARTENSITE 
PLATE 


The strain energy associated with a 
martensite plate of thickness 6 and 
radius r is E = 6rré? according to Eq 
6. The value of the coefficient @ can 
be roughly estimated by assuming that 
the strain in the austenite surrounding 
a martensite plate is uniform through- 
out a circumscribed sphere of radius 
r. The shear strain is approximately 
+ = $6/2r where ¢ is the ‘““homogene- 
ous shear” angle of the martensite. The 
energy per unit volume is 


E, = Gy?/2 = ¢°G(6/r)*/8 
and the total strain energy is 


E = (4/3)mr*[¢?G(6/r)?/8) 
= (1/6)¢°Grd’, 
whence 


a= 9¢'G/6. [35] 


Taking @ = 0.34 corresponding to the 
Nishiyami!® orientation relationship 
between martensite and austenite, and 
G = 8(10)" dynes per cm? (the value 
for ferrite) as an approximation for 
austenite, the value of 6 is 


_ 0, = 1.54(10)' dynes per cn. [36] 


This approximate value of # may be 


TEMPERATURE 


Oo ee ee ee ee 
200 220 240 260 280 300 320 340 360 380 400 420 440 460 


IN DEGREES K 


FIG 6—Martensite transformation curve for 1.1 pct carbon, 


1.5 pct chromium steel. 


Experimental points determined by Harris and Cohen.1! Curve 
calculated from Eq 30. 


compared with the value assumed in 
the analysis of martensite transforma- 
tion curves. Eq 33 and 34 give 


m = —9nrAf/5120 = —7(10)*AF n 
whence 


6 = 0.46(10)!° dynes per cm?, [37] 


in satisfactory agreement with 6; in 
view of the approximations in the elas- 
tic analysis and in the assumption that 
austenite pockets remaining in par- 
tially transformed steel are spherical. 

The thickness to radius ratio 6/r for 
martensite plates can be calculated 
from the relationship 


6/r = —Af/49 


= —3.2(10)-“AFn. [38] 


At the M, temperature, the ratio 6/r 
calculated for 3 pet chromium steels 
varies from 0.084 to 0.151 as the carbon 
content varies from 0.08 to 1.28 pct. 


THE COHERENT a-y INTERFACIAL 
FREE ENERGY, 


The experimental martensite start 
temperature corresponds to the pres- 
ence of a definite number of martensite 
plates in a quenched sample of austen- 
ite of given grain size. A reasonable 
estimate of the number of plates 
needed to provide one visible plate per 
microscope field suggests that there are 
about 10° martensite plates per mol of 
lattice sites at the M, temperature. 

Substituting the value 10° for the 
number of martensite nuclei, Eq 22 
becomes 


10° = n, = —(N/In a) exp(n* In a) 
= —(N/In a) exp(V* In a/v). [39] 


For ordinary values of Ne/N:, Eq 39 
fixes the value of V* In a/v to be 
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FIG 7—Calculated martensite transformation curves for 1 pct C, 3 pct Cr steel with ASTM 


grain sizes O and 7. ’ 
Arrows indicate temperatures for 0.01 pct transformation. 
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FIG 8—Calculated martensite transformation curves for 3 pct chromium steels of differing 


carbon content. 
Arrows indicate temperatures for 0.01 pct transformation. 


e 


V* In= a/v —45. [40] 


Substituting the value of V* from 
Kq 12, 


32,768 w 67 63 In a/27 v9 Af® 


= 45. [41] 


Taking [—In a]”*/AF,, = —1/800 and 
6 = 0.46(10)'° from Eq 25 and 37, Eq 
41 can be solved for the coherent 


a-y interfacial free energy o, 
o = 24 ergs per cm?. [42] 


The value o = 24 ergs per cm? that 


must be assumed in calculating M, - 


temperatures can be compared with the 
surface and interfacial free energies of 
solid copper, which should not differ 
markedly from those of iron: 


o, = 1400 ergs per cm? 
(surface tension of copper? 
o, = 150 ergs per cm? 
(non-coherent copper-copper 


interface?! 

o3 =5 ergs per cm*, very approxim- 
ately (twin boundary”'). 

It is encouraging to note that the co- 
herent a-y interfacial free energy and 
the twin boundary free energy in cop- 
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per agree as to order of magnitude. 

It appears that the values of the 
parameters 6 and o, arbitrarily chosen 
to give agreement between theory and 
experiment, are close to the values 
expected from independent considera- 
tions. Within the error of an approxi- 
mate calculation, 6 is correctly given by 
a purely geometrical elastic analysis. 
The value of ¢ is reasonable in the light 
of what is known concerning coherent 
interfacial free energies of solids. 


Influence of Austenite 
Grain Size and Other 
Variables 


The M, temperature and the extent 
of martensite transformation are de- 
pendent upon the austenitic grain size. 
Whenever nuclei form at random in the 
parent phase, and rapid growth of the 
new phase ceases at grain boundaries of 
the parent phase, each transformed 
particle is restricted to a single parent 
grain. The amount of transformation is 
the product of the number of nuclei and 
the size of each transformed region. 
The number of nuclei is independent of 


grain size, and the volume of a typical 
transformed region is proportional to 
d? where d is the mean grain diameter, 
leading to the relationship 


(pet transformation) ~ d’ [43] 


during the early stages of transforma- 
tion. A ten-fold decrease in grain diam- 
eter decreases the volume transformed 
to martensite by a factor of a thousand, 
thereby lowering the experimental M, 
temperature. 

Eq 30 gives the variation in the mar- 
tensite transformation curve with grain 
size for all stages of transformation, 


Va/Vo ae (qno == | 


where q is the number of mols of lat- 
tice sites per austenite grain. Fig 7 
compares the calculated martensite 
transformation curves for two speci- 
mens of 1 pet C, 3 pet Cr steel with 
ASTM grain sizes 0 and 7, representing 
approximately a ten-fold change in 
grain diameter. The M, temperature is 
10-13°C lower (depending upon the 
method of measurement) in the fine 
grained material, and a comparable de- 
gree of transformation is achieved in a 
longer temperature interval. 


INFLUENCE OF COMPOSITION ON 
THE SHAPE OF MARTENSITE 
TRANSFORMATION CURVES 


Consider steels of varying chromium 
content and fixed carbon content. For 
these steels the free energy change 
AF,, on transforming austenite to mar- 
tensite depends to a first approximation 
only upon the amount of subcooling 
below M,. Hence no and m in the rela- 
tionship V./Vo = (qno + 1)-™ are the 
same functions of the temperature 
interval below M, for all steels of a par- 
ticular carbon content, and the shape 
of the M, transformation curve is inde- 
pendent of chromium content. 

Steels with different carbon contents 
do not have quite the same shape, how- _ 
ever, as shown in Fig 8 where calcu- 
lated curves are compared for several 
3 pet chromium steels of varying car- 
bon content. The variation in shape 
with carbon content is in qualitative 
agreement with the observations of 
Grange and Stewart.22 

Although grain size and carbon con- 
tent influence the shape of martensite 
transformation curves, examination of 
Fig 7 and 8 indicates that for the usual 
grain sizes and carbon contents that 
are employed in commercial steels, the 
shape of the martensite transformation 
curve is relatively insensitive to these 
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variables. The fraction of austenite 
transformed depends primarily upon 
the temperature interval below M,, in 
agreement with the observations of 


Harris and Cohen.?! 


EXTRAPOLATED M, 
TEMPERATURES 


The extrapolated M, temperature is 
that at which the nearly linear portion 
of the martensite transformation curve 
intersects the axis of zero martensite. It 
lies a few degrees below the M, tem- 
perature corresponding to the first 
plates visible during microscopic ex- 
amination, as shown in Fig 9, where the 
shape of a calculated martensite trans- 
formation curve is given in detail near 
the M, temperature. 

Averaging data from 12 martensite 
transformation curves determined by 
Harris and Cohen" the extrapolated 
M, temperature was found to lie about 
6°C. below the highest temperature of 
martensite observation for steels with 
M, temperaturesin the range 350 < M, 
< 500°K. This value compares favor- 
ably with the calculated value of about 
9°C. 


STABILIZATION 


Consider a specimen of austenite that 
transforms partially to martensite 
upon quenching to a temperature T_». 
It frequently is found that holding the 
specimen for a time at T_; > T_2 de- 
creases the amount of martensite 
formed on subsequent cooling to T_», 
the maximufn amount of marten- 
site corresponding to direct quench- 
ing to T_».1! This process is termed 
stabilization. 

A mechanism for stabilization in 
single component systems has been 
described in the first section on nuclea- 
tion. When embryos that would have 
become athermal nuclei upon further 
cooling are present in excess of their 
steady state concentration at a holding 
temperature T_1, they decrease in 
- number with time. Subsequent cooling 
to T_.<T_; then produces fewer 
athermal nuclei and less additional 
transformation. In general, stabiliza- 
tion requires that subcritical embryos 
of the new phase somehow be elimi- 
nated while the specimen is held at 
T_,. In single component systems, only 
embryos that grow smaller are elimi- 
nated. In the iron-carbon system, mar- 
 tensite embryos perhaps may be 
eliminated by processes that involve 
the diffusion of carbon. 


Harris and Cohen"! have shown that — 
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FIG 9—Shape of calculated martensite transformation curve 
near M.. 


stabilization does not occur at tem- 
peratures above a critical temperature 
g., dependent upon composition, and 
that the amount of stabilization in- 
creases as the holding temperature 
decreases below o;. The o; temperature 
has both theoretical and practical sig- 
nificance, and a complete analysis of 
austenite decomposition should provide 
means for explaining and predicting its 
existence. However, the mechanism of 
stabilization appears to be more com- 
plex than that of the austenite — mar- 
tensite transformation, and lies beyond 
the scope of the present analysis. 


RATE OF GROWTH OF 
MARTENSITE PLATES 


Coherent growth of martensite is 
very rapid, for each atom need move 
only about 0.34 of an atomic spacing to 
join the new lattice. The activation 
energy q* for the unit process during 
this sort of ‘‘diffusion” is approxi- 
mately (0.34)? times that for moving an 
atom a full atomic spacing. The latter 
yalue is estimated by Huntington and 
Seitz? to be about 0.36 times the 
activation energy for self-diffusion, the 
remaining 0.64 of the activation energy 
corresponding to the formation of a 
lattice vacancy. Birchenall and Mehl** 
report the activation energy for self- 
diffusion in y-iron to be 48,000 cal per g 
atom, hence 


q* & 0.36 (0.34)? (48,000) = 2000 [44] 


cal per g atom (very approximately) is 
the activation energy for coherent 


growth. 
The value q* = 2000 cal per g atom 


is in excellent agreement with the ex- 
perimental activation energy q* = 
1600 cal per g atom observed by 
Kurdjumovy and Maksimova for iso- 
thermal transformation of austenite to 
martensite in the temperature range 
79 < T <173°K where the rate of 
transformation is measurably slow,’ 
although these authors assumed that 
q* was associated with nucleation, 
rather than growth, of martensite 
plates. The very important work of 
Kurdjumoy and Maksimova proves 
that the austenite > martensite trans- 
formation proceeds isothermally with a 
rate that approaches zero at the abso- 
lute zero of temperature, and is 
evidence strongly in favor of the nu- 
cleation and growth hypothesis of 
martensite formation. 


Conelusions 


Martensite start temperatures and 
martensite transformation curves have 
been calculated from the basic assump- 
tion that the austenite > martensite 
transformation proceeds by nucleation 
and growth. Martensite is identified as 
coherent supersaturated ferrite, and 
martensite nuclei are identified as small 
carbon-free austenite regions retained 
from the austenitizing temperature. 

Agreement between experiment and 
theory is satisfactory, and there is rea- 
son to believe that adequate thermo- 
dynamic data will allow accurate 
calculation of M, temperatures * and 
martensite transformation curves for 
steels of arbitrary composition and 
heat treatment. 
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Some Observations in the Structure of Alpha Brass Single 
Crystals after Cutting and Polishing 


ROBERT MADDIN,* Junior Member, and WALTER R. HIBBARD, JR.,+ Member AIME 


A series of X ray experiments con- 
ducted by G. I. Taylor! in 1927 and 
later substantiated in 1939 by J. A. 
Collins? both on axially strained alumi- 
num single crystals, revealed evidence 
that during single slip crystallite rota- 
tion occurs in such a manner that “‘all 
parts of the material rotated about the 


transverse direction in the plane of - 


slip.” 

The actual method of preparing the 
specimens for X ray examination is not 
discussed in detail by Taylor except to 
say that “this specimen was cut paral- 
lel to the plane of slip, as calculated 
from measurements of marks in the 
surface of the specimen. It was ground 
and etched till the effect of the new cuts 
had disappeared. This was verified by 
applying the same treatment to an un- 
distorted specimen. The X ray reflec- 
tionst in this case were perfect ones.’””! 

Collins, on the other hand, cut his 
crystals in a mechanical shaper. These 
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surfaces were polished on No. 1, No. 
1/0, No. 2/0 and No. 3/0 papers and 
on a broadcloth lap using No. 600 
alundum as a_ polishing medium. 
“Finally, the surface was deeply 
etched in Tucker’s reagent. An unde- 
formed crystal was prepared in the 
manner described and X rayed to de- 
termine whether or not the machining 
and polishing operations had produced 
any strain or distortion in the crystal. 
The Laue spots all seem to be sharp, 
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{ Presumably Laue back-reflection 

’ photograms. 
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paper. 


free from tails and streaks indicating 
no detectable strains had been intro- 
duced in the crystals.’’2 

Taylor’s X ray technique involved 
the use of “homogeneous X rays from 
an iron anti-cathode’; whereas Col- 
lins used K, radiation of copper at 31ky 
and 20 milliamperes. 

Glancing angle X ray photograms | 
were taken (1) with the axis of rotation 
of the spectrometer table in the plane 
of slip and at right angles to the slip 
direction, and (2) with the axis of the 
spectrometer table lying along the slip 
direction. 

However, eight minute exposures 
were used in each case and the angle 
setting of the spectrometer table was 
increased. by one degree for each 
exposure. 

With the discovery of the action of 
three slip systems? in the plastic de- 
formation of single crystalline alpha 
brass where, formerly, only one had 
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2 FIG 2—Glancing angle photogram 
of the crystal showing spread in orienta- 


tion of the {111} plane. 
@ = 21° 30’; monochromatic radiation; eight 
hour exposure. 


FIG 1—Laue photogram of {111} section from 
crystal showing absence of streaks or tails. 


been considered to have operated, C. 
H. Mathewson suggested that the ex- 
periments of Taylor and Collins be 
repeated in order to examine critically 
the possible effects of the deformation 
process in terms of pole rotations intro- 
duced by the action of more than one 
slip system. 

Consequently, the orientation of an 
undeformed single crystal of alpha 
brass was determined by the Laue 
back-reflection method. A disk, with 
its flat surfaces parallel to a convenient 
(111) plane, was carefully cut from the 
erystal with a No. 14B jeweler’s saw in 
a goniometric miter box. The disk was 
polished carefully by hand on a series 
of fine files followed by No. 1/0, No. 
2/0 and No. 3/0 metallographic papers. 
The disk was next etched in 1:1 HNO; 
so as to remove at least 0.125 in. from 
the cut surface. The (111) plane was 
within one degree of being parallel to 
the surface as determined by a Laue 
back-reflection photogram. The effects 
of cutting and polishing were seemingly 
removed as adjudged by the condition 
of the Laue spots shown in Fig 1. Al- 
though these spots are multiple indicat- 
ing lineage imperfections somewhat less 
than 2° in magnitude, they are sharp 
and free from tails or streaks as they 
appeared in first photogram orienting 
the specimen. 
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The disk was mounted on a goniom- 
eter head set at the proper @ angle 
(21°30’) for primary octahedral reflec- 
tions. Intense monochromatic copper 
K radiation was obtained by reflection 
from the C-cleavage surface of a suita- 
bly oriented pentaerythritol crystal. 
The tube was operated at 3lkv and 11 
milliamperes. The crystal reflected 
beam passed through a collimator 2 in. 
long containing a 1 mm bore. A 1.75 in. 
specimen to film distance was used. 
Satisfactory photograms were ob- 
tained using 8-hr exposures, Fig 2. 

A spread of at least 35° may be seen 
in Fig 2. This spread in orientation may 
be interpreted as indicating that 
mechanically cutting a single crystal 
affects its structure throughout a con- 
siderable thickness. Changing the 0 
angle to 30° (an increase of 8°30’) re- 
sulted in a very weak 8° spread after 
10 hr exposure. 

The depth to which surface prepara- 
tion disturbances can be detected in 
single crystals has been considered by 
Lacombe and Chaudron.‘ However, 
their disturbed structures were meas- 
ured asless than 100 microns dependent 
upon the material. In the present in- 
vestigations a minimum of 0.125 in. 
was removed after mechanical cut- 
ting and_ polishing and yet a dis- 
turbed structure was apparent, when 


investigated with directed characteris- 
tic radiation. 

Since the present investigation made 
use of monochromatic X rays rather 
than white radiation to detect these dis- 
turbances and the exposures were con- 
siderably longer than those of Taylor 
and Collins, it would appear that they 
may not have removed with all cer- 
tainty the mechanically disturbed 
surface by their treatments and the 
method of detection used. This suggests 
a reinvestigation of their findings, 
which is under way. 

The authors would like to acknowl- 
edge the assistance of Mr. Marritt L. 
Kronberg of this Laboratory for setting 
up the monochrometer. 
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Simultaneous Aging and 


Deformation in Metals 
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J. D. LUBAHN* 


The influence of precipitation from 
solid solution on the subsequent de- 
formation resistance of alloys is well 
known. However, the influence of pre- 
cipitation or aging that occurs simul- 
taneously with deformation may be 
entirely different and of considerable 
importance. It is thought! that the 
presence or absence of a yield point jog 
in impure iron at room temperature 
and the presence or absence of discon- 
tinuous flow at higher temperatures 
may be directly related to aging 
phenomena, particularly since the yield 
point jog is absent when the carbon 
and nitrogen are sufficiently removed.2 

As a preliminary attack on the prob- 
lem of simultaneous aging and defor- 
mation, three kinds of tests—constant 
strain rate tensile tests, constant load 
creep tests, and variable strain rate 
tensile tests—were carried out on an 
age hardenable aluminum alloy. 


Constant Strain Rate 
Tensile Tests 


Stress-strainm. curves at a strain rate 


of about 0.001 min- were obtained for — 


specimens of 61S that had been 
quenched into liquid nitrogen after a 
one-hour solution treatment at 921°C, 
then aged at room temperature 10 min., 
20 min., 4 hr, and 26.5 hr before test- 
ing. Strain-time curves were obtained 
on the same chart with the stress-strain 
curve by means of an auxiliary pen, 
driven parallel to the axis of the chart 
drum at constant speed by a synchro- 
nous motor and gear chain. The angle 
of rotation of the chart drum was 
proportional to strain. The strain 
rates reported are the measured slopes 
of the strain time curves. Constant 
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FIG 1—Effect of amount of prior room-temperature aging 
on the room-temperature stress-strain curve of solution treated 
61S. Strain rate = 0.0013 min.— 
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FIG 2—Effect of strain rate and prior room tem- 
perature aging on the flow stress at 0.003 plastic 
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strain rate was approximated (within 
a factor of 2) by manual adjustment 
of the oil inlet valve of the hy- 
draulic testing machine in such a way 
that the course of the recorder pen was 
parallel to pre-drawn strain-time lines 
of the desired slope. 

The specimens were machined from 
%¢ in. rod. The cylindrical portion was 
0.357 in. in diam by 134 in. long and 
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smoothed into the 14 in. —13 threaded 
ends by 14 in. fillets. Stra was meas- 
ured by an averaging Baldwin-South- 
wark microformer-type strain gauge 
with a 1.4 in. ga. length between 
conical points, used in conjunction 
with a  Baldwin-Southwark _ stress- 
strain recorder and tensile testing 
machine. 
As expected, the resulting stress- 
2 strain curves, two of which are plotted 
7 in Fig 1, show that for a given strain 
rate the flow stress is higher the longer 
the period of aging preceding the test. 
The entire stress-strain curve is smooth 
04 0165 066 OG? 0158 06D 0160 ole! OM 063 0164 0185 0188 only for specimens aged for sufficiently 
Vishay long periods of time before testing. 
Although the early portions of the 
other curves also are smooth, the later 
portions exhibit discontinuous flow.* 


' 
~ 


LOG, STRAIN RATE ( MIN“) 


LOAD 


ISO; 


FIG 3—Discontinuous flow in 61S aged 10 min. at room temperature before 
room temperature testing at0.00075 min ‘(or equivalent rate of head separation 
during discontinuous flow). 


* The term ‘‘discontinuous flow” will be used 
to designate any failure of the metal to follow 
a smooth stress-strain curve or strain-time curve, 
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FIG 4—Discontinuous flow in 61S aged 10 min. at room temperature before room- 
temperature testing at 0.00075 min.” (or equivalent rate of head separation during discon- 
tinuous flow). 
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FIG 5—Discontinuous flow in 61S aged 10 min. at room ter..perature before room-temperature 
testing at 0.00075 min.~? (or equivalent rate of head separation during discontinuous flow). 
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FIG 6—Discontinucus flow in 61S aged 10: min. at room temperature 
before testing at 0.0003 min.—! (or equivalent rate of head separation 


during discontinuous flow). 


For aging times that are not too 
short, flow stress values can be obtained 
from the early, smooth portion of each 
stress-strain curve. Flow stress values 
at a plastic strain of 0.003 increase with 
aging time for tests at a given strain 
rate (Fig 2), and a few tests indicate 
that a slower strain rate produces a 
higher flow stress (for a given initial 
condition of aging). This reverse rate 
effect will be discussed in connection 
with another type of test to be de- 
scribed below. 

After discontinuous flow began, a 
constant rate of head separation* was 
maintained, for it was no longer possi- 
ble to keep the strain rate constant. 
The discontinuous flow exhibited dif- 
ferent characteristics under different 
conditions of strain rate, amount 
of strain, and prior aging treatment. 
Usually there was a characteristic 
periodicity of rising and falling load, 
with slow extension prevailing during 
each period of falling and rising load 
and with sudden extension at the maxi- / 
mum load (Fig 3). This periodic flow 
sometimes was superimposed on a 
second kind of periodic disturbance 
(with a longer period) where groups of 
load variations occurred at regular 
intervals of strain (Fig 4), or where 
alternate lengthening and shortening 
combined with rising and falling load 


* The Baldwin-Southwark testing machine had 
a pump control that provided a constant rate of 
oil flow for a given position of the inlet valve, 
regardless of the load. Thus a constant rate of 
head separation was obtained by keeping a con- 
stant opening of the inlet valve. Such a procedure 
will not produce a constant elongation rate of the 
gauge length if the load is changing, however, for 
some of the head motion is used up in fixture 
deflection. Variations in elongation rate as great 
as 20 to 1 may be expected for a constant inlet 
valve setting. 


704... Metals Transactions, Vol, 185 


n 1 
007 008 .009 0010 —.OO!! ie} 


003 004 


STRAIN 


005 006 007 


FIG 7—Discontinuous flow in 61S aged 2 min. at 
room temperature before room-temperature testing 


at 0.0008 min.—! (or equivalent rate of head 
separation during discontinuous flow). 
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FIG 8—Creep curve for 61ST at room temperature and 41 :900 psi initial stress (tested 
several months after aging). 


actually produced loops in the stress- 
strain curve (Fig 5). 

Ata smaller rate of head separation, 
smooth sections of normal stress-strain 
curve were separated by comparatively 
short, uniformly-spaced, strain inter- 
vals where a very pronounced rising 
and falling of load accompanied unusu- 
ally slow extension (Fig 6). When a 
specimen was tested almost imme- 
diately upon warming to room tem- 
perature from the liquid nitrogen 
quenching bath, discontinuous flow 
began immediately; and under these 
conditions almost square steps were 
observed in the stress-strain curve 
(Fig 7). Similar periodic flow has been 
observed by McReynolds® during ex- 
tension of specimens of several alumi- 


num alloys. He employed a very soft 
tensile machine designed to produce a 
constant rate of increase of stress, 
rather than a constant strain rate. 


Creep Tests 


61ST was subjected to constant-load 
creep tests at room temperature. The 
load was applied through an 18:1 lever 
with three hardened steel knife edges. 
The knife edges were all in the same 
plane. The strain time curve was ob- 
tained with the same device employed 
for determining strain rates in tensile 
tests. The gear train for the time-drive 
was arranged so that quick changes in 
speed of 30:1 could be made as required 
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FIG 9—Creep curve for 61ST at room temperature and 42,300 
psi initial stress (tested within a few hours after aging). 
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FIG 11—Creep curve for 61ST at room temperature and 42,300 


- psi initial stress. Tested within a few hours after aging (continuation 
_ of the test shown in Fig 9). 
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FIG 10—Room-temperature creep behavior 
at successively higher loads for 61S aged 
10 min. at room temperature before beginning 
the test. 
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FIG 12—Transient effects in a tensile test on 61ST at room tem- 
perature. 


behavior of pure metals and other non- 


to avoid a strain-time curve that was 


~ too nearly axial or circumferential for 
accurate slope measurements. 61ST 


tested in creep at room temperature 
~ several months after commercial aging 


(8 hr at 350°F) exhibited smooth 


_ strain-time curves as shown in Fig 8. 
- On the other hand, 61ST tested within 


a few hours after the commercial aging 
treatment exhibited sudden periodic 


extensions superimposed on a smooth 
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strain-time curve, as shown in Fig 9. 
Similar behavicr has been observed 
with copper. The difference in be- 


\ havior between 61ST freshly aged at 


350°F and that tested long after aging 
suggests that the freshly aged material 
had the greater capacity for change at 
room temperature. 

A material that is aging rapidly 
during deformation ought to exhihit a 
very pronounced departure from the 


aging materials. To check this point, a 
creep test was made on 61S aged 20 
min. atroom temperature after quench- 
ing into liquid nitrogen from 521°C. 
Fig 10 shows that a large plastic exten- 
sion* occurred upon application of the 
load, after which the material did not 
elongate further. Furthermore, suc- 


* The extension was too rapid for the recorder 
to follow. 
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FIG 14—Tensile transients for pure (99.996 pct) aluminum at room temperature. 
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FIG 15—Transient effects in a tensile test on 61 ST at the 
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FIG 13—Tensile transients for OFHC copper at room tem- 


cessive additions of small load incre- 
ments never caused gradual straining. 
After each load increment, either sud- 
den plastic extension occurred or the 
specimen remained elastic. 

The peculiar behavior observed upon 
successive application of small load in- 
crements to a currently aging metal was 
attributed to the fact that aging was 
proceeding during the test. If, as sug- 
gested above, the deformation behavior 
of recently aged 61S (61ST) can be 
affected by further room-temperature 
aging, then it might be expected that 
61ST would exhibit creep behavior 
similar to that shown in Fig 10 for 
solution treated 61S. This expectation 
was realized (Fig 11). 


Variable Strain Rate 
Tensile Tests 


In these tensile tests the strain rate 
was changed suddenly from one con- 
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temperature of liquid nitrogen. 
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stant value to another. When such a 
change is made, an immediate shift 
from a stress-strain curve characteristic 
of one rate to a second curve character- 
istic of the other rate might be ex- 
pected. Actually, however, there is. 
usually a period immediately following 
a rate change where the behavior con- 
forms to neither curve, with rigorous 
conformity to the new curve being ap- 
proached later. The temporary dis- 
turbance following a rate change has 
been called a “‘transient.’’5* 

A peculiar transient is observed for 
61ST tested at room temperature. 


O26 Fig 12 shows that after changing the 


* The experimental equipment and procedure- 
be measuring tensile transients are described in. 
ref 5. 
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FIG 16—Transient effects in a tensile test on 61ST at the tem- 


perature of dry ice. 
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strain rate a new stress-strain curve 
appears to be approached; but then the 
stress changes in the opposite direction 
and approaches that corresponding to 
the curve preceding the rate change. 
This lack of rate effect for steady de- 
formation (that is, after the dying-out 
of the transient) of 61ST at room tem- 
perature is surprising, for OFHC cop- 
per (Fig 13) and pure aluminum (Fig 
14) both show a definite (though small) 
rate effect at room temperature. 

The creep tests described above 
suggested that aging at room tempera- 
ture could significantly affect the de- 
formation of 61ST; it is possible that 
aging is responsible also for the pe- 
culiar transients and the lack of rate 
effect in 61ST tested at room tempera- 
ture. To investigate this possibility, 
tensile transient tests were made at a 
series of temperatures At liquid nitro- 
gen temperature (—194°C) a definite 
rate effeet was observed (Fig 15) and 
the transient consisted only of a gradual 
shift from one curve to another, as is 
observed for non-aging metals (see 
Fig 14). This behavior would be ex- 
pected if no aging occurred at — 194°C. 
At the temperature of dry ice (—78°C) 
there was still a definite rate effect, 
although overshooting* was observed 
during the transient (Fig 16). In ice 
water (0°C) the overshooting during 
the transient was more pronounced and 
the rate effect (though small) was in 
the opposite direction to that observed 
at lower temperatures; upon increasing 
the rate, a lower stress-strain curve was 
approached than that preceding the 
rate change, and conversely (Fig 17). 
At 93°C the rate effect was large and in 
the expected direction, as shown in 
Fig 18. 

The quantity n= (log S:2/S1) if 
(log é2/é:)t was used as a measure of 
the rate effect. It was found to be 
roughly constant regardless of the 
change in rate, as illustrated in Fig 19. 
The influence of testing temperature 
on the rate effect is summarized in Fig 
20, which shows n to havea pronounced 
minimum in the neighborhood of room 
temperature. It might be inferred that 


q the rate effect in 61ST is a combination 


Solas Vena 


of an inherent rate effect (that ob- 
served in non-aging metals, where 
higher rates produce higher stresses) 
and a superimposed, inverse rate 
effect, due to aging, for which lower 


- rates produce higher stresses. Fig 20 


* Qvershooting means that the stress changes 
to a value beyond that characteristic of the new 
strain rate, then slowly returns. ; 

+ The symbol é denotes_strain rate. 
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FIG 17—Transient effects in a tensile test on 61ST at O°C. 
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FIG 18—Transient effects in a tensile test on 61ST at 93°C. 
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FIG 19—Determination of n values (rate effect) illustrated for two tem- 
peratures. Derived from data of Fig 16 and 17. 


shows that the contribution of the 
aging to the overall rate effect is ata 
‘maximum near room temperature and 
disappears in the vicinity of —150°C. 
According to the above viewpoint, 
transients are caused by a distubance 


in the balance between two rate ef- 


fects. Any disturbance of the balance 
between the inherent rate effect and 
the rate effect due to aging, such as a 
temporary pause in the plastic strain- 
ing, might cause an unusual transient. 
An experiment on 61ST at room tem- 
perature in which a tensile test was 
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FIG 20—Effect of testing temperature on 
the rate effect for 61ST. 


temporarily interrupted by a sojourn 
at a slightly lower load yielded such a 
transient following the interruption, 
even though the strain rate was the 
same before and after the interruption 
(Fig 21). 


Conclusions 


If a metal is aging while it is being 
plastically deformed, it may show un- 
usual deformation characteristics as 
follows: 

1. Discontinuous yielding in a ten- 
sile test. 

2. Periodic sudden extensions in a 
constant load creep test. 

3. Failure ever to undergo gradual 
extension at constant load. 

4 Unexpected transients following a 
sudden rate change. 

5 An inverse rate effect, where an 
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FIG 21—Transient effects at room temperature in 61ST caused by inter- 
rupting a constant strain rate tensile test. 


increase in flow stress (beyond the 
transient) is required to maintain a 
smaller strain rate. 
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On the Problem of Grain Boundary Movement 


Cc. G. DUNN,* Member AIME, F. W. DANIELS,* and M. J. BOLTON* 


Recent observations on grain bound- 
ary movements in silicon iron have 
indicated the possibility of studying 
grain growth phenomena in two-grain 
specimens in which several variables 
affecting growth are readily controlled. 
These variables are (1) the energy per 
unit area (y) in the grain boundary, 
(2) the orientation relationship of the 
two grains, and (3) the radius of curva- 
ture (7) of the moving boundary. 

Ideally, one grain A should be a 
narrow rectangular parallelepiped ad- 
jacent to a second grain B as shown 
two dimensionally in Fig 1. Such a 
two-grain group becomes unstable 
when one end of grain A is shaped 
according to the dotted line. Since the 
width w of grain A remains constant 
during growth of grain B, 7 should 
also remain constant. The other vari- 
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FIG 1—Schematic diagram of two gtain-group for studying 
growth. 


ables mentioned above can be con- 
trolled in the preparation of each 
two-grain specimen.'3 For a par- 
ticular orientation of each grain, y is 


Technical Note No. 25 E. Manu- 
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* Research Physicist, and Metal- 


lurgists respectively, General Electric 
Co,, Pittsfield, Mass. 

* References are at the end of the 
paper. 


not necessarily fixed; y may also de- 
pend on the orientation of the grain 
boundary, but this may be controlled 
to some degree. 

The energy relationships for the 
growth of grain B may be derived from 
the more simple arrangement of two 
grains A’ and B’ shown schematically 
in Fig 2. Here B’ largely surrounds A’. 
Assume these grains are oriented with 
a common plane parallel with the flat 
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FIG 2—Schematic diagram 


portion of the specimen. Consider equal 
lengths | of grains A’ and A. The total 
grain boundary energy for A’ is twice 
that for A. Therefore, the width ofA’ 
will be taken equal to 2w so that both 
grains have the same grain boundary 
energy for transfering a unit volume of 
metal from A to B or A’ to B’. Whena 
volume V-—that is, 2wlt, where ¢ is the 
thickness of the flat specimen*—trans- 
fers to B or B’, the energy EF released 
is obviously given by 
equation: 


the following 


(1) 


—(& 
Sale 


Thickness of the specimen does not 
enter this equation. Consequently, 
growth in such two-grain specimens 
should be independent of thickness. If 
y is independent of grain boundary 
orientation, the shape of the active 
part of the grain boundary should 
reasonably approach a semicircle. When 
this occurs, w becomes identical with 
the radius of curvature 7 of the ad- 
yancing part of the boundary and Eq 1 
then expresses the usual driving force 
for grain growth.‘ If y varies with 
grain boundary orientation, yy in Eq 1 
applies to the straight part of the 
boundary. 

In the application of Eq 1 to grains 
A and B, it is assumed that the edge of 
grain A does not introduce an energy 
term. If a surface energy is involved, 
Eq 1 should be modified. It is also 
believed that w and 7 may be different 
merely because a groove tends to form 
at the open end of the curved grain 
boundary. The term to use in Kq 1, 
therefore, is w rather than r. 

The present technique permits a 
time-temperature investigation at con- 
stant curvature to be made. Also, the 
rate of grain boundary movement can 
be measured as a function of tempera- 
ture alone and the results used to calcu- 
late activation energies. 

That the above method is experi- 


* The value of ¢ at the boundary is assumed 
to be essentially the same as the value of ¢ every- 
where else. 
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of two grains A’ and B’. 


mentally feasible is indicated by the 
following example from our preliminary 
work. Silicon iron specimens capable of 
supporting exaggerated grain growth 
were prepared in the form of long 
strips 0.025 in. thick. Using a con- 
trolled grain growth technique,’ one 
strip was converted into a suitable two- 
grain specimen with the common grain 
boundary lying parallel to the long 
dimension. The (110) planes of both 
grains were in the plane of the strip, 
and the [001] directions were 25° apart. 

A Lin. length cut from this specimen 
was annealed 4 hr at 1400°C in pure 
dry argon to eliminate boundary ir- 
regularities and to reveal the position 
of the boundary by thermal etching.’ 
A final small two-grain specimen was 
prepared from the annealed piece and 
given an anneal of 10 hr at 1400°C in 
pure dry argon. 

A photograph of the specimen in the 
as annealed condition is shown in Fig 3. 
The old boundary position extends 
across the length of the specimen. The 
new boundary (one end indicated by 
arrow) is curved along the advancing 
portion and coincides with the old 
boundary for a short distance. Observ- 
ing these thermally etched boundaries 
at about 300 diam magnification, the 
old boundary appears as a “‘ ghost line” 
whereas the new boundary is well de- 
fined. Reality of the new boundary was 
also confirmed by an X ray Laue 
photograph. 

The specimen was then annealed an 
additional 48 hr at 140°C. No move- 
ment of the grain boundary occurred. 
It appears that the advancement was 
stopped by inclusions during the first 
anneal. 

An estimate of the available energy 
for growth is of interest. With vy equal 
to 500 ergs per cm? approximately ®” 
and w equal to 1.3 mm, Eq 1 gives, on 
changing units, a driving energy of 
0.00009 cal per cm’. This energy may 
be contrasted with the value 9 cal per 
cm* reported for cold worked iron.® 
Larger values of y/w could be obtained 
using smaller values of w. 


FIG 3—Photograph of a two-grain specimen 


showing growth of one grain. 
Thermal etch. X 10. 


More information using the present 
technique is anticipated from investi- 
gations now under way at this labora- 
tory. It is hoped that results may be 
reported in the near future. 
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The Transverse Bending of Single 
Crystals of Aluminum 


(@) Xe) 
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M. K. YEN} and W. R. HIBBARD, JR.,¢ Junior Members AIME 


Previous studies of plastic deforma- 
tion of metals have emphasized the 
important role of bending and con- 
straints during strain under relatively 
pure stresses.1~> Some new phenomena 
such as early conjugate slip® and 
polygonization’ are intimately con- 
cerned with the relief of bending 
stresses, the former by slip and the 
latter by a process analogous to re- 
crystallization. However, few analyses 
of the bending deformation of single 
crystals were found in the literature, 
and those®? are sufficiently previous to 
the modern interpretations of slip to 
invite further investigation in this area. 

The transverse bending mode of 
testing, using the two-point loading 
method, was selected because the 
center portion of the specimen may be 
considered as under a_ theoretically 
pure bending stress with a uniform 
bending moment. Considerable atten- 
tion was given to both the lattice dis- 
tortion and flow characteristics of the 
crystals during deformation. 


Experimental Procedure 


A specimen under the action of equal 
and opposite couples at both ends is 
said to undergo pure bending. The 
shear and moment diagrams of a speci- 
men under the two-point loading 
method of transverse bending are 
shown in Fig 1. The moment over the 
middle-third of the span is equal to 
PL/6, and the vertical shear is zero. 
Fig 2(A) illustrates the stress distribu- 
tion in the elastic range on a plane 
across the middle of the specimen. It 
can be seen that the normal stress has 
a Maximum value at the extreme sur- 
faces on the tension and compression 
sides, and decreases proportionately to 
zero as it Buproaches the neutral plane. 
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FIG 1—Shear and moment diagrams of a 
beam under transverse bending by the two- 
point loading method. 


MOMENT 
DIAGRAM 


However, when the plastic range is 
reached, the stress distribution is no 
longer a_ straight line relation, but 
changes in a manner which can be best 
illustrated as shown in Fig 2(B). The 
following calculation and stress analy- 
sis are mainly in accordance with the 
works reported by Timoshenko! and 
Kochendorfer.® 

From the simple beam formula, the 
maximum normal stress will occur at 
the surface of the specimen. For a 
round specimen with a radius r and for 
a rectangular specimen with a height 
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FIG 2—Stress-distribution in a beam for (A) 
elastic range and (B) plastic range. 


2h and width 2b, the maximum normal 
stress, S,, will be given by the following 
formulas: 

For round specimen: 


2PL 
3ar3 


(1] 


n 


For rectangular specimen: 


PL 


Se = 8bh2 [2] 


Since it is reasonable to consider that 
slip takes place under the same condi- 
tions as in uniaxial loading, the resolved 
shear stress S,, along the operative slip 
direction will be as follows: 

For round specimen: 

2PL 


SS 3nrs sin x cos X [3] 


For rectangular specimen: 


Pisa 
S, = Bbh2 SIM X cos» [4] 


where \ is the angle between the 
specimen axis and the slip direction 
and x, the angle between the specimen 
axis and the major axis of the glide 
ellipse. - 

It was also reported by Kochen- 
dorfer® that the critical bending mo- 
ment, that is, the bending moment 
exerted on the specimen to initiate slip, 
should be higher than the value given 
by the equations stated above. Based 
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FIG 3—Bending apparatus assembly at X ray tube. 


upon his analysis, the critical shear 
stress observed in bending may be 1.5 
to 1.7 times greater than that in uni- 
axial loading for rectangular and round 
specimens respectively. 

A special bending device to apply a 
transverse load by the two-point load- 
ing method used in this investigation 
consisted of three major parts: lL. 
Back-reflection camera with demount- 
able pin-hole system. 2. Bending fix- 
ture with load-measuring device. 3. 
Deflectometer with a dial indicator. 

The assembled equipment is shown 
in Fig 3. The back-reflection X ray 
camera had two interchangeable col- 
limating pin-hole systems, 1.0 and 0.5 
mm in diam. 

In the bending device, the specimen 
was supported by two steel knife-edges 
with a span of exactly 3 in. The load 
was transmitted to the specimen 
through two knife-edges one inch 
apart which were mounted on a sliding 
steel plate bearing against a calibrated 
spring. The load was measured by 
reading the deflection of the com- 
pressed spring on the scale attached. 
The deflectometer consisted of a 
pivoted lever which was mounted so 
that the lower end contacted the 
center of the back side of the specimen. 
The upper end of the lever was at- 
tached to the stem of a dial indicator 
whose scale could be estimated to one 
ten-thousandth of an inch. 

Two different types of specimens 
were made from high-purity aluminum 
rod having the following chemical 
compositions: 


Pct 

99.975 Aluminum 
0.006 Silicon 
0.015 Copper 
0.006 Iron 
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Round specimens, 14 in. in diameter 
and 4 in. in length were prepared by 
Found!! using a modified Bridgman 
method. Flat specimens were produced 
by a strain-annealing method com- 
parable to that reported by Carpenter 
and Elam.!” 

The round specimens, used for pre- 
liminary work, were carefully metal- 
lographically polished by hand and 
etched with 2 pct hydrofluoric acid. 
Back-reflection Laue photograms were 
used to insure complete removal of any 
distortion. 

The flat specimens were cut from 
strain-annealed pieces mounted in a 
special fixture which was used as a 
guide for a No. 8 jeweler’s saw to cut 
along the longitudinal axis. After the 
sawing was accomplished, the speci- 
men was then alternately polished and 
etched using 2 pet hydrofluoric acid 
and emery paper down to No. 000. 
Subsequent wet-polishing with alumina 
on a slow-speed wheel provided a 
smooth surface ready for the final elec- 
trolytic polishing. 

The electrolytic polishing process 
used a dilute solution of fluoboric acid 
with low current density. Any smudge 
on the surface could be removed by 
immersing for about one minute in a 
hot solution containing 35 cc of 85 pet 
phosphoric acid and 20 g of chromic 
acid per liter. A subsequent rinsing 
with distilled water and alcohol and a 
final drying operation were then 
necessary. 

After the specimen had been pre- 
pared according to this method, a one- 
inch gauge length was scribed on its 
center portion. A scratch was also 
made on the end of the specimen to 
serve as a reference mark fo~ aligning 
purposes. The specimen wat then 
placed carefully on the bending device 


and adjusted in such a manner that the 
two gauge marks coincided with the 
two knife edges for load application, 
and the reference mark was in a verti- 
cal position. 

The back-reflection Laue method de- 
scribed by Greninger!’ was used for the 
determination of crystal orientation. 

By suitably arranging a mirror with 
a binocular microscope, the front and 
top surfaces of the specimen could be 
observed concurrently during loading. 

The load on the specimen was ap- 
plied by gradually turning the knob on 
the back of the compressive spring 
which pushed the two knife edges for- 
ward against the specimen. The com- 
pression of the spring as well as the 
corresponding deflection of the speci- 
men were recorded simultaneously so 
that the load-deflection curve could be 
made. X ray photograms and micro- 
graphs were taken at successive deflec- 
tions of about 50 thousandths of an 
inch, in addition, to analyze the various 
surface markings. 


Diseussion of Results 


Ten crystals, four round specimens 
and six flat ones, were investigated. 
The round specimens, approximately 
14 in. in diam, were used for prelimi- 
nary work. Flat specimens A-10, A-11, 
and A-12 were bent after electrolytic 
polishing. Flat specimens A-13, A-14, 
A-15 were tested after mechanical 
polishing and etching with a dilute 
solution of hydrofluoric acid. The 
designations, dimensions and initial 
orientations for all specimens are 
shown in Table 1. In order to simplify 


Table 1. . . Dimensions and Initial 
Orientations of Round and 
Rectangular Specimens 


ne 


Are: Initial 
ae Orientation 
Specimen Dimension, | Cross- 
In. sec- 
tion cos x 
Sq In am sin \ 


2 . 0374)43°/36° 
3 . 0464/38°)31° 
A-4 0.242 diam .0461)52°/42° 
5 0.241 diam . 0456|40°/50° 


0.218 diam |0 

0 

0 

0 — 
A-10 |0.132 X 0.221/0.0292/49°|44° 

0 

0 

0 

0 

0 


0.243 diam 


A-11 10.132 X 0.223]0.0294|49°)/44° 
0.129 X 0.224|0.0289)42°/41° 
A-13 |0.128 X 0.239/0. 0303}42°/41° 
‘A-14|0.132 X 0.2270. 0300)41°/44° 
A-15 |0.132 X 0.225/0.0297/41°|44° 


ecooocoocjososos 
> 
nn 
On 


Rectangular | Round 
ig 
Oh 
ey 


the description of different positions 
on the specimen, the following desig- 
nations are used: The “front”? and 
“back” are the convex and concave 
sides on the bent specimen. The sym- 
bols ““Top-T” and ‘“Top-C” indicate 
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the regions on the top surface near the 
tension and compression edges re- 
spectively. For round specimens, only 
the symbols “front” and ‘‘back”’ are 
applicable. Unless otherwise noted, 
photograms and micrographs are taken 
with the stress axis horizontal and in 
the plane of the page. 


Lattice Rotation in 
Bending 


Axis orientations for the unstrained 
crystals and after various amounts of 
bending are shown in Fig 4. The axis 
of the unstrained crystal is designated 
hy the small circle (0) at the center of 
the projection. The axes determined 
at the front and back side of the speci- 
men after bending are represented by 
the triangle (W) and cross ( +) respec- 
tively. Thus the movement of the speci- 
men axis relative to the axis of the 
unstrained crystal was observed. 

For a single crystal subjected to ten- 
sile loading, the lattice rotation takes 
place in such a way that the slip direc- 
tion gradually approaches the stress 
axis. For compression, the slip plane 
rotates toward a position parallel to 
the plane of compression. In the case 
of f.c.c. metals, the specimen axis dur- 
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FIG 4—Axis rotations of bending specimens. 


(4) tension side and (+) compression side. 


ing simple slip moves toward [110] and 
[111] for tensile and compressive 
stresses, respectively, whereas in du- 
plex slip the end positions are [112] 
and [110] for tension and compression 
respectively.141> Referring to Fig 4, it 
can be seen that when aluminum crys- 
tals were subjected to bending stress, 
the stress axis on the tension side of all 
specimens appeared to follow generally 
the Taylor and Elam rotation toward 
the active slip direction. However, in 
the compression side, the change of 
orientation deviated from the path 
toward the (111) pole to a certain 
extent. In specimens A-10 and A-11, 
the axis on the compression side ap- 


peared to rotate toward a (110) pole 


instead of the (111) pole. This deviation 
could be ascribed to the restriction of 
flow in bending and possibly the pres- 
ence of a secondary slip system. 


Micrographic Observations 


Round specimens A-2, A-3, A-4, and 
A-5 were prepared by polishing and 
deep-etching. It was noted that both 
the interlineage boundaries and a 
slight cored structure, similar to that 
in copper crystals observed by Hib- 
bard,!® were developed. However, the 


interdendritic spacing of the cored 
structure was considerably smaller 
than that of copper. A considerable 
number of slip lines were observed on 
the front and back surfaces even at 
very low deflection. The slip lines 
were localized in character but were 
gradually propagated toward the neu- 
tral plane as the load increased. The 
density of the lines also increased with 
an increase of load, but approached a 
constant value of approximately 1200 
per inch at higher deformation. The 
lines generally appeared fairly equally 
spaced but slightly wavy in appearance. 

Flat specimens A-10, A-11, and A-12 
were prepared by mechanical polishing 
followed by the electrolytic polishing. 
Fig 5 and 6 show two photographs of 
specimen A-10 after a total deflection of 
0.554 in. It was found that the surface 
markings on the top surface started at 
the edges of the specimen and moved 
toward the neutral plane with an in- 
crease in deformation. The density of 
lines increased with the degree of de- 
formation but decreased as they ap- 
proached the neutral plane. Con- 
siderable shift of the neutral axis 
toward the compression side was ob- 
served at higher deformation. This can 
be ascribed to the difference in speci- 
men thickness between the tension and 


OCTOBER 1949 


compression sides caused by plastic 
flow and the resulting change in the 
stress distribution. 

At first glance, no marked difference 
in the microscopic appearance of the 
markings on the tension and compres- 
sion sides was observable at a magnifi- 
cation of 100 . However the micro- 
structures at high magnification ex- 
hibit a rather distinctive aspect shown 
in Fig 7 and 8. Parallel narrow dark 
lines could be resolved on the tension 
side, but poorly defined light-colored 
bands with considerable width 
observed on the compression side. 

The development of markings on the 
front surface of these specimens started 
with equally spaced parallel lines (see 
Fig 9). The density of lines increased 
two fold as the deflection increased 
from 80.5 to 250.0 thousandths of an 
inch. Another set of markings inclined 
45° to the specimen axis then appeared 
during further bending. The 45° lines 
appeared discontinuous in nature and 
were displaced where they met the 
vertical ones (see Fig 10). It was found 
that the lines inclined at 45° were the 
expected octahedral traces, whereas the 
vertical ones were thought to be cubic 
traces at an early stage of the investi- 
gation. In Fig 11 the crystal orientation 
of specimen A-10 is plotted on a 
stereographic projection with the pole 
of the front surface located at the 
center of the primitive circle. The 
traces of the markings on both the 
front and the top surfaces are sketched 
in the upper-left corner of the drawing. 
The loci of the poles of traces Top-I 
and Front-I intersect at a pole of an 
octahedral plane which was found to 
be the primary operative slip-plane 
having the maximum value of resolved 
shear stress. Trace Front-II was found 
only with slight oblique illumination at 
low magnification. (See Fig 6.) It ap- 
pears as a band-like structure which 
makes an angle of about 90° with the 
octahedral traces. This band-like struc- 
ture could not be resolved at higher 
magnification and may be regarded as 
evidence of a type of rotation of crys- 
tallites about an axis normal to 
the slip plane described by previous 
investigators. !71° 

The trace Front IH, which made an 
angle of about 90° with the specimen 
axis, was a somewhat confusing one. 
Referring back to Fig 11, the most 
probable plane in the zone of the axis 
is a cubic or a (100) plane. Since cubic 
slip does occur in aluminum at high 
temperatures, it led to the possibility 
that the cubic plane might slip under a 


were 
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FIG 6—Specimen A-10. Front surface after 0.554 in. deflection. 4 X. 


FIG 7—Specimen A-10. Surface Top-T after 
0.250 in. deflection. 1000 xX. 


FIG 8—Specimen A-10. Surface Top-C after 0.250 


in. deflection. 1000 X. 


rather complicated stress introduced 
by bending. Similar results were also 
found in specimens A-11 and A-!°. The 
orientation of specimen A-11 is shown 


in Fig 12. By further study of specimen 
A-11 vertical traces Front II and Top I 
were established as continuous traces 
from the same plane. Referring to Fig 
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12, the pole of these two vertical traces 
Front II and Top I must be in the 
neighborhood of the specimen axis, but 
no significant plane could be found in 
that region of the projection. It ap- 
pears therefore, that a possible explana- 
tion is that these lines are strain 
markings or cracks in the anodic coat- 
ing left from electrolytic polishing. 
Further experiments on the specimens 
prepared by mechanical polishing and 
etching substantiate this finding. 
When the specimens A-10 and A-12 
were subjected to bending with a de- 
flection of a tenth of an inch, a second 
set of slip markings (Top Trace II) was 
revealed at the Top-C surface of the 
specimens. From the analysis of the 
surface markings shown by Fig 11, it 
can be seen that these were the traces 
of a secondary octahedral plane. This 
was found to be in the (111) plane 
which had the second highest resolved 
shear stress among the twelve (111) 
{110] systems. The early occurrence of 
the secondary slip system may be 
ascribed to the restriction of flow at the 
compression side which varies from 
the condition for a crystal under pure 
compression and thus forces the sec- 
ondary system into operation. Re- 
ferring back to the projections showing 
lattice rotation, Fig 4, it can be seen 
that the rotation on the compression 
side is different from that in uniaxial 
loading in that the specimen axis was 
rotated toward the (110) direction and 
not toward the pole of the slip plane as 
in pure compression. This appeared to 
collaborate the microscopic observation 
of double slip since it is known that the 
[110] direction is usually the end posi- 
tion of the duplex slip for face-centered 


_ FIG 9—Specimen A-10. Front surface after 0.081 
in. deflection. 500 x. : 
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FIG 11—Stereographic profection of specimen A-10 after 0.554 in. deflec- 
tion with front surface parallel to the plane of the projection. 


cubic crystals under compression. 

In order to eliminate the uncertainty 
in the surface condition introduced by 
electrolytic polishing, specimens A-13, 
A-14, and A-15 were subjected only to 
mechanical polishing with fine alumina 
followed by etching with diulte HF 
solution. No appreciable difference was 
noticed in microscopic appearance of 
surface markings at low magnification 
between specimens with or without 
electrolytic polishing. The band-like 
structure found in specimen A-15 was 
comparable to that in Fig 6 of specimen 
A-10. In addition, a similar type of 
band structure both parallel and per- 


FIG 10—Sp 


4 


in. 


pendicular to the traces of the operative 


slip plane of specimen A-13 was found. — 


However, at high magnification only 
traces of the theoretically predicted 
octahedral plane were observed. Except 
at Top-C surface of specimen A-13, a 
secondary set of slip markings was 
found to be the traces of the octa- 
hedral plane having the second highest 
resolved shear stress among all twelve 
possible slip systems. The slip markings 
generally appeared to be fairly straight 
and equally spaced. It was found, how- 
ever, in the neighborhood of the region 
where the slip direction intersected the 


specimen surface that the markings ap- 


FIG 12—Stereographic projection of specimen A-11 after 0.300 in. deflec- 
tion with front surface parallel to the plane of the projection. 


peared to be either step-like or dis- 
continuous in nature. Fig 13 shows 
slip markings on the Top-T surface and 
front surface of specimen A-15. The 
markings appeared to be straight and 
had an average distance between them 
of from 5 to 10 microns. The closest 
approach distance was in the order of 
one micron. Fig 14 shows slip markings 
on the front surface of specimen 
A-13 at X 1000 magnification. The pic- 
tures were taken on the surface where 
it is intersected by the direction of 
slip. The short step-like markings ap- 
peared not to follow any definite crys- 


FIG 13—Specimen A-15. Top-T surface after 0.389 in. 
deflection. 1000 X. 
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tallographic angle as reported in alpha 
brass.1° This may be due to the more 
complicated stress condition in bending 
where these steps were probably too 
small to be identified with any particu- 
lar planes. Similar results were also 
found in specimen A-15 on the Top-T 
surface where it was intersected by the 
direction of slip (Fig 13). Regions 
showing the discontinuity of markings 
were also observed in both specimens 
A-13 and A-15. These markings were 
similar to those reported by Crussard”° 
in aluminum crystals as well as by 
Andrade?! in deformed lead crystals. 


They generally lost their width ac- 
companied by a great decrease in their 
intensities as they passed each other. 
It is also interesting to note that the 
phenomenon of bending of the glide- 
lamellae did take place in specimen 
A-15 as shown in the upper edge of 
Fig 13. 

Slip markings of specimen A-15 
under oblique illumination are shown 
in Fig 15, and appear to be dark and 
light bands on the tension and com- 
pression sides respectively. The regions 
free from any resolvable slip markings 
are close to the neutral plane, at which 
the stress should be theoretically zero. 
The density of the markings on both 
sides increased from the inside outward 
and gradually approached a constant 
value at the edges of the specimen. 


Asterism 


When a crystal is deformed by uni- 
axial loading, distortion generally oc- 
curs by rotation of the crystallites 
about an axis lying in the slip plane 
normal to the slip direction. This type 
of rotation was more or less confirmed 
by analysis of the Laue spots obtained 
from deformed crystals.2-> Recently it 
was found that in addition there is also 
a relocation of glide-lamellae by a 
twisting distortion around the polar 
axis of the slip plane.17!8 However, in 
the present investigation, the asterism 
of Laue spots in the X ray photograms 
did not appear to follow either of these 
types of distortion. The change of the 
Laue spots always exhibited the same 


FIG 14—Specimen A-13. Front surface after 0.300 in. 
deflection. 1000 X. 
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pattern regardless of the initial orienta- 
tion or the orientation of the operative 
slip plane with respect to the stress 
axis. In general, the Laue spots on the 
photograms taken from the Front sur- 
face were elongated in the direction 
parallel to the specimen axis, whereas 
those from the Back surface were dis- 
torted so as to become elongated in 
the direction 90° to the former ones. 
However, no appreciable change in the 
shape of Laue spots on either the Top-T 
or Top-C surface was noticeable. 

Fig 16 shows the change in shape of 
Laue spots on the Front surface of 
specimen A-10 with an increase in de- 
flection. It can be seen that the elonga- 
tion of spots did not occur until the 
specimen was subjected to bending far 
beyond the elastic range. This may be 
regarded as evidence in favor of the 
idea that asterism does not indicate the 
existence of elastic strain, but rather 
plastic deformation resulting from 
bending. 

Fig 17 shows the types of Laue spots 
obtained from the Front, Top-T and 
Back surfaces of two other crystals, 
A-11 and A-15, with different initial 
orientations. It is apparent that all the 
specimens exhibited the same type of 
distortion as far as the nature of the 
asterism is concerned. It appears that 
the axis of rotation causing the asterism 
on the tension side is in vertical direc- 
tion while that on the compression side 
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Reduced approximately one-third in reproductions 


FIG 15—Slip markings on the top surface 
of specimen A-15 near the neutral plane. 
The dark markings are near the tension side 
and the white ones are near the compression 


side. 50 X. 


Reduced one-half in reproduction. 


is horizontal. The fact of no appreciable 
change of Laue spots from the top sur- 
face of the specimen further confirms 
these rotation axes. 

Furthermore, it was also found that 
in specimens A-12 and A-13 the Laue 
spots were not only elongated but also 
divided into small individual areas as 
shown in Fig 18 and 19. The traces of 
the active slip plane are indicated in 


FIG 16—Laue photograms of specimen A-10 after various 
amounts of deflection as indicated. 


FIG 17—Laue phe 
deflections 


aah i 
4 


the left corner of the photogram. It can 
be seen that the fragments of the spots 
appear to be aligned in a_ specific 
pattern, divided into two groups, one 
roughly parallel to the traces and the 


other normal to it. This break-up of- 


the Laue spots in deformed crystals 
after annealing was observed by Collins 
and Mathewson!’ in aluminum and by 
Andrade and Tsien” in potassium and 
sodium. Very recently, Cahn’ in a 
study of bent zine crystals suggested 
‘the deformation leads to elastic bend- 
ing of glide-lamellae: when the crystal 
is annealed, the lamellae undergo 
‘polygonization.” The orientation of 
each new grain is the same as that of 
the part of the original crystal from 
which it grew but the elastic strain 
has vanished.” In addition, the break- 
up of the Laue spots was also reported 


even in deformed aluminum crystals 


by Crussard.2° It appears that the 


discrete asterisms in specimens A-12 
and A-13 may be rationalized as a 
process of fragmentation occurring dur- 
ing deformation at room temperature. 


In Fig 18 and 21, the fragments of the © 
Laue spots parallel to the traces of the 


operative slip plane as shown at left- 
upper corner may be regarded as a ro- 
tation of crystallites about an axis 
parallel to the slip plane. The frag- 


ments oriented normal to the traces— 


may be rationalized as a break-up of 
crystallites due to the torsional rota- 


0.300 


; 


tion around the pole of the slip 
plane.'7> The latter was reported re- 
cently by Heidenreich and Shockley!’ 
from a study of Laue spots and 
Kikuchi lines produced on electron dif- 
fraction patterns of extended aluminum 
erystals. 


Load-deflection Diagrams 


The load-deflection curves for alumi- 
num crystals under bending were 
found to resemble the load-elongation 
curves reported for the crystals under 
tension. A definite yield point at a 
total load of several pounds was usu- 
ally observed. The curve then gradually 
flattened with an increase in deflection. 
The load-deflection flat 
specimens were quite consistent with 
each other. The yield point was in the 
neighborhood of 3 lb which resulted in a 
normal stress on the extreme surface of 
the specimen of about 1150 psi with a 
corresponding resolved shear stress in 
the neighborhood of 500 psi. Fig 20 
shows the data recorded for specimens 
A-10, A-12, and A-14 having different 
initial orientations. The yield point and 
the rate of strain-hardening indicated 
by the load-deflection curves did not 
appear to vary significantly for differ- 
ent orientations. This agrees with the 
results of shear tests in aluminum 
crystals reported by Burgers and Leb- 
bink.2* They stated that slip in alumi- 
num crystals deformed in shear may be 
found along lattice planes and direc- 
tions differing from the usual slip 
system, (111) [110], and no appreciable 
yariation on the shear stress required 
for different combinations of planes 
and directions was observed. 


curves for 


Flow-pattern in Bending 


alo order to understand the unique 
characteristics of flow in bending, two 
auxiliary experiments were performed. 
The first one was made on a study of 
the stress distribution pattern over the 
surface of a specimen by means of the 
commercial Stresscoat manufactured 
by Magnaflux Corporation, Chicago, 
Ill. It was found that the pattern pro- 
duced by Stresscoat was practically 
the same as that found on specimens 
A-10 and A-11 prepared electrolytically 
and thus having an oxide coating. This 
may be regarded as confirmation that 
the anomalies in the surface markings 
of the electrolytically polished speci- 
mens resulted from surface cracks or 
strain markings in the anodic coating. 
“Tt is believed that the major axis of 
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A-l2-13 
“Top 
Stoxto*D. 


FIG 18—Laue photogram of specimen A-12, Top-T surface, after 0.510 in. deflec- 
tion. 2 X. 


Reduced approximately one-third in reproduction. 


the strain ellipsoid on the tension side 
lay parallel to the specimen axis 
whereas that on the compression side 
was normal to it. A similar analysis was 
also reported by Yamaguchi and 
Tagino®® who found that fissures pro- 
duced in a thin oxide layer during creep 


i 


a 


Mi nadl 


tests were oriented in the direction per- 
pendicular to the major axis of the 
strain ellipsoid on the tensile specimen. 

The second auxiliary experiment was 
the study of the flow pattern of bent 
specimens made of paraffin. The speci- 
mens were cast in a metallic mold hay- 


* 

A-13-5 
Frowt 

300x116" DO. 


FIG 19—Laue photogram of specimen A-13, front surface, after 0.300 in. deflection. 2 X. 


Reduced one-third in reproduction. 
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FIG 21—Schematic diagrams of flow patterns on bent wax specimens W-1 and W-2. 


ing a rectangular cross-section of ap- 
proximately 14 by 4% in. Two sets of 
cross-lines, one at an angle of 0° and 
90° and the other at 45° with the axis 
of the specimen, were carefully drawn 
on the various surfaces of specimens 
W-1 and W-2. The specimens were 
then bent, after being warmed slight- 
ly on a gas flame, to a deflection 
of about 34 in. The originally square 
grid was distorted to a greater or less 
extent at the various positions of the 
specimen as shown schematically in 
Fig 21. The arrows indicate the direc- 
tion of flow derived from the flow 


pattern on the paraffin specimens W-1 
and W-2. 


Mechanism of Deformation 
by Bending 


A most significant characteristic of 
the process of plastic deformation by 
bending is that slip does not occur 
across the entire crystal but is re- 
stricted to a limited area. Slip markings 
appear to progress from the higher 
stressed toward the lower stressed re- 
gion, gradually losing both intensity 


SPECIMEN DEFLECTION (iN X 1073) 


FIG 20—Load-deflection diagram of flat specimens A-10, A-13, and A-14, 
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and width as the stress diminishes. 
The development of slip markings was 
found to consist of two different stages. 
At first a band-like structure was 
readily seen by unaided visual examina- 
tion, then distinct slip markings ap- 
peared in the bands. These well-defined 
markings progressed toward a lower 
stress region with an increasing de- 
formation. The line density was in- 
creased by the formation of new 
markings which appeared between the 
old ones under further loading. It is 
believed that the slip process in bend- 
ing consists of an elastic bending fol- 
lowed by a plastic distortion, probably 
similar to the fragmentation proc- 
esses described by Mark, Polanyi 
and Schmid,! Burgers‘ and others.?:3.5 
A schematic diagram of the distortion 
in two adjacent glide-lamellae under 
different stress conditions is shown in 
Fig 22. If the two undistorted glide- 
lamellae, shown in Fig 22A, were 
subjected to a pure shear, the lamellae 
would be deformed as illustrated in 
Fig 22B. Based upon this mechanism, 
the shear stress is about a thousand 
times larger than the observed critical 
shearing stress. However, it was found 
in this investigation that macroscopic 
bending of glide-lamellae did occur so 
that the stress distribution on the 
entire slip plane would be different 
from that produced by pure shear. 
This is shown schematically in Fig 
22 C, D and E, that is, elastic bending, 
bending and plastic shear, and bending 
and fragmentation. It can be seen that 
under such conditions the slip process 
is composed of the successive glidings 
of a group of atoms at a time. The 
external force required to produce such 
a slip should be much less than the 
value required for an entire plane as a 
unit. The shear strain at the left end 
of the bending lamellae (Fig 22 C, D, 
and E) is practically equal to zero and 
increases gradually to a maximum 
value at the right end. 

Furthermore, it is noteworthy that 
this mechanism of bending of glide- 
lamellae can be employed to interpret 
satisfactorily the asterism on Laue 
photograms of deformed aluminum 
crystals reported by Yamaguchi.? These 
results were criticized by Komar and 
Machalov® who suggested that the 
bending of the glide-lamellae is macro- 
scopic rather than microscopic. They 
found that the length of the asterism 
on the Laue photograms of extended 
magnesium crystals decreased as the 
surface of the crystal was etched off 
successively. However, referring to the 


OCTOBER 1949 


mechanism of bending described in this 
paper, the phenomena of a decrease in 
the length of asterism as the outer 
layers of the crystal are removed by 
etching would be adequately explained, 
since the bending in the material be- 
tween slip markings approaches a maxi- 
mum at the outermost layer of the 
specimen and a greater distortion in 
Laue spots on X ray photograms would 
be expected there. 


Flow Characteristies in 
Bending 


Two different types of flow were ob- 
served on the tension and compression 
sides of the bent specimens. It ap- 
peared that the crystal acted as if it 
were divided into two parts separated 
by the neutral plane. The tension and 
compression sides experienced unusual 
types of axial loading where the flow of 
metal was restricted in a direction 
perpendicular to the neutral plane. 
There a stress-gradient existed such 
that the maximum stress occurred at 
the outermost layer of both the tension 
and compression sides and diminished 
gradually in the direction of the neutral 
plane. Thus the flow direction on the 
tension side was along the specimen 
axis whereas that on the compression 
side was in the direction roughly per- 
pendicular to the top surface. It was 
found that the rectangular cross-sec- 
tion of all flat specimens became 
approximately trapezoidal during de- 
formation, in good agreement with the 
characteristics of flow in a bent crystal 
as discussed above. The ideal flow 
characteristics in bending may be 
represented by the schematic diagram 
shown in Fig 23. The arrows illustrate 
the variation of strain introduced by 
the stress-gradient in a bent crystal. 
Sections of the undeformed crystal, 
shown by the dotted line, will gradually 
deform to those contours indicated by 
the solid lines during bending. Based 
upon this picture, the asterism on Laue 
photograms of a bent crystal may be 
interpreted as on overall bending of 
crystallites resulting from the process 
of fragmentation. Since the flow in 
bending is restricted in certain direc- 
tions, the crystallites could not follow 
the type of rotation found in uniaxial 
loading. Instead of the usual type of 
rotation about an axis lying in the slip 
plane normal to the slip direction, the 
different shapes of Laue spots seem to 
indicate that the crystallites were bent 
a about an axis in the slip plane and per- 
 pendicular to the direction of flow. 


OCTOBER 1949 


A. 
eae 

e WCC 
i fated o focfinfeo} eV te | 

Bi 

C. 

D. 

Ee: 


FIG 22—Schematic diagrams of slip mech- 


anism. 
(A) Undeformed, (B) Pure shear, (C) Elastic 
bending, (D) Bending and plastic shear and 
(E) Bending and fragmentation. 


Summary 


1. When an aluminum crystal is sub- 
jected to a bending stress, the major 
operative slip system is the same as for 
uniaxial loading. That is to say, the 
slip occurs on the octahedral plane 
which has the maximum resolved shear 
stress given by the equation S, = S, 
cos \ sin x, where S, is the normal stress 
calculated by the simple beam formula. 

2. The change of orientation’ on the 
tension and compression sides of a crys- 
tal during bending resembles closely 
that of two separate crystals deforming 
under tension and compression loading 
respectively. In general they appear to 
follow the Taylor and Elam rotation, 


FIG 23—Schematic diagram of c..aracter- 
istics of flow in bending. 


that is, the stress axis rotates toward a 
[110] slip direction on the tension side 
and toward (111), the pole of active 
slip plane, on the compression side. 
However, a certain amount of deviation 
was observed. This may be due to the 
complication introduced by the restric- 
tion of flow during bending and conse- 
quently requiring the early operation of 
a secondary slip system. 

3. The anomalous surface markings 
on the electrolytically polished speci- 
mens may be attributed to the strain- 
markings or cracks on the anodic coat- 
ing of the surface layer. It was found 
that these markings were analogous to 
the cracks produced on a deformed 
specimen treated with Stresscoat. The 
absence of these markings on mechani- 
cally polished and etched specimens fur- 
ther substantiated this interpretation. 

4. “‘Cross-slip”’ or the step-like ap- 
pearance of slip lines was observed on 
specimen surfaces intersected by the 
slip direction. However, no definite 
cross-slip plane could be identified. This 
may be due to the complicated stress 
distribution in the bending where these 
steps might be too small to permit the 
resolution of a particular plane. 

5. The phenomena of slip over local 
regions of the specimen was noticeable 
in all the bending specimens. The 
growth of slip markings appears to 
undergo a process such that the slip 
markings occur initially at a higher 
stress region and move toward a lower 
stressed matrix, gradually losing both 
their intensity and width as the stress 
diminishes. The macroscopic bending 
of glide lamellae was also found. 

6. From the study of the flow char- 
acteristics and the Laue spots on the 
X ray photograms of various bent 
specimens, it was found that the cause 
of subdividing of spots may be re- 
garded as a result of crystallite frag- 
mentation. The fragmentation appeared 
to take place by rotating the crystal- 
lites in the glide lamellae about an axis 
normal to the slip plane in addition to 
the usual type of bending about an axis 
lying in the slip plane perpendicular 
to the direction of slip. Following the 
rotation of crystallites, the elongation 
or asterism of Laue spots may be 
rationalized as an overall bending 
taking place about an axis in the slip 
plane and normal to the direction of 
flow. 
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High Temperature Sealing of Cobalt* 


CHARLEY R. JOHNS} and WILLIAM MARSH BALDWIN, JR.,t Junior Member AIME 


Introduction 


Cobalt is reported'? to scale in 
accordance with the Pilling and Bed- 
worth? parabolic law: 


w? = Kt [1] 


where w = weight increase per unit 
surface area 
K = constant 
t = time 

The reported values of the parabolic 
oxidation constant, K, in the tem- 
perature range 600 to 1100°C follow 
an Arrhenius type of equation as 
inspecticn of Fig 1 shows. According 
to Valensi’s theory® on the scaling of 
metals where multiple-layered scales 
(for example, MeX, MeX,, and others) 
are possible, this fact could be con- 
strued as indicating that a single oxide 
only is formed on cobalt in this tem- 
perature range. Since the single straight 
line extends above 920°C where only 
CoO is stable in air (see Fig 2) it might 
be inferred that this is the only oxide 
formed on scaling. 

Arkharov and Voroshilova!® have 
studied the scales formed when cobalt 
is heated in air in the temperature 
range 385 to 800°C and report that 
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parabolic 


CoO is indeed found in the scale but 
that Co,0, is also found as an overlay 
and in increasing amounts in the lower 
temperature ranges. No quantitative 
data regarding the relative proportions 
of the two oxides were reported. Again 
in the light of Valensi’s theory this 
would indicate that the straight line in 
Fig 1 would be expected to undergo 
an inflection at some point in the 
temperature range 385 to 800°C. 
Chauvenet? has studied the oxi- 
dation rates of CoO to Co;04 and 
has found this reaction to proceed 
parabolically with time but reports 
scaling rates which are 


These authors also state that a thin exterior 
veneer of Co20. may have formed also but was 
too thin to identify with X rays. In view of the 
instability of Co.0; in air above 400°C (see Fig 2) 
this is unlikely. 


Technical Note No. 24 E. Manu- 
script received June 21, 1949. 

* Abstracted from a_ thesis sub- 
mitted by C. R. Johns to the Depart- 
ment of Metallurgical Engineering, 
Case Institute of Technology, in 
partial fulfillment of the degree 


of Master of Science in Physical 


Metallurgy. 

} Production Metallurgist, Thomp- 
son Products, Inc. 

t Research Professor, Case Institute 
of LPechnology. 

i References are at the end of the 
note. 


considerably (about ten times) larger 
than the scaling rates of cobalt metal 
itself. 

This is difficult to explain in terms 
of Valensi’s theory although a full 
discussion of the possible discrepancy 
cannot be made in view of the lack of 
sufficient data. 

These points made an investigation 
of the scaling behavior of cobalt in 
air an attractive study. 


Discussion of Results 


Relatively large (approximately 95 
sq cm of surface area) samples of 0.020 
in. thick electrolytic cobalt  strip,* 
sanded with 2/0 paper, were heated in 
air in a cyclone type furnace. The 
samples were weighed before and after 
the scaling treatment. The weight 
increases so observed obeyed the 
Pilling and Bedworth parabolic law 
at all temperatures studied. The para- 
bolic scaling constants when plotted 
on a logarithmic scale as a function of 
absolute temperature are reproduced 


* Supplied through the kindness of Dr. O. C. 
Ralston, Acting Chief of the Bureau of Mines, 
Metallurgical Div., Washington, D. C. A quali- 
tative spectographic analysis showed only traces 
of nickel, copper, cadmium, iron, magnesium, 
chromium and manganese. 
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in Fig 1. Here it may be seen that in 
the higher temperature ranges the 
present data coincide quite well with 
the previously reported data. There 
is, however, a definite inflection in the 
data at around 625°C, the data for 
the temperature range below this 
point showing a slope that is roughly 
lg that of the straight line drawn 
through the data above this point. 
This inflection would be expected on 
the basis of the reasoning presented 
above. If the straight line in the lower 
temperature range is due to the 
exclusive formation of Co3Q0,4, the oxi- 
dation rate of CoO to Co 3QO, in this 
temperature range should follow a 
straight line parallel to the lower 
branch of the cobalt curve and lying 
at a value 14 that of the aforemen- 
tioned lower branch. This is, of course, 
at complete variance with the experi- 
mental results of Chauvenet on the 
oxidation of CoO and illustrates in 
quantitative terms how her data can- 
not be reconciled with the requirements 
of Valensi’s theory. In an attempt to 
resolve this discrepancy, samples of 
cobalt were oxidized to CoO at tem- 
peratures above which none of the 
other oxides is stable thermodynamic- 
ally (around 920°C) and then sub- 
sequently oxidized in the temperature 
range in which Co;0, was stable. 
These results are entered in Fig 1. In 
the present case the data parallel 
those of Chauvenet’s (and incidentally, 
the scaling data for straight cobalt 
in the temperature range above 625°C) 
but do not behave in accordance with 
Valensi’s theory. It must be admitted 
that the present data are of the proper 
order of magnitude to fit Valensi’s 
requirements, and it may be that 
experimental errors prevent the data 
from exactly duplicating the values 
required by his theory, but for the 
present we must regard the case of 
the scaling of cobalt in air as being 
still unsettled. 

An internal check on the data and 
on Valensi’s theory could have been ob- 
tained if the proportions of CoO and 
Co;0, in the scale could have been de- 
termined quantitatively in the tem- 
perature ranges between 500 and 
800°C, but the absolute thickness of the 
scales formed in this temperature range 
are extremely small compared with 
other metals in which such quantitative 
determinations have been made (for 
instance, copper,° iron",) indicating the 
necessity of developing special tech- 
niques for such determinations. ~— 
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Stages in the Deformation 
of Monel Metal as Shown 
by Polarized Light 
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D. H. WOODARD,* Associate Member AIME 


Introduction 


One of the principal uses of polarized 
light in metallurgy is to show the 
granular structure of metals by con- 
trasting reflections. This use is confined 
largely to anisotropic metals, such as 
beryllium, tin, magnesium, and the 
like.! Recently, Hone and Pearson? 
have extended the use of polarized 
light to include the isotropic metal 
aluminum. This was made possible by 
the formation of an anodic film that 
was optically anisotropic and that had 
a fixed and reproducible structural 
relationship to the grains in the sub- 
strata. With their method, it was possi- 
ble to indicate localized textures in 
annealed aluminum sheet. In the course 
of an investigation of plastic deforma- 
tion at the National Bureau of Stand- 
ards, it was found that the isotropic 
single phase alloy Monel could be made 
optically anisotropic by treatment with 
the usual Monel contrast etchant. 
Experiments soon showed that dif- 
ferences in orientation could be de- 
tected easily. 

Previous investigations involving the 
usc of polarized light have been re- 
stricted to annealed metals. In this 
paper it will be shown that inhomo- 
geneous plastic deformation which 
results in lattice bending and develop- 
ment of deformation bands experienced 
by individual grains in polycrystalline 
Monel, is revealed in the microstruc- 
ture. This interpretation of the micro- 
structure was confirmed by a study of 
slip lines formed after prior plastic 
strain. 


Materials and Procedure 


The material used was Monel, the 
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chemical composition of which was 
C—0.17 pct, Mn—1.28 pct, Fe—1.61 
pet, S—0.009 pct, Si—0.17 pet, Cu— 
30.70 pet, Ni—66.04 pct. The material 
was divided into 2 lots which were 
treated as follows: Lot A was heated at 
1700°F for 3 hr to produce a fully 
annealed, coarse grained structure. 
Lot B was heated at 1400°F for 1 hr to 
produce a close approximation of a 
fully annealed structure without ap- 
preciable increase in the grain size of 
the original material. After each of 
these heat treatments the material 
was cooled in air. 

Samples for metallographic examina- 
tion were cut from tensile and com- 
pression test specimens and were 
prepared by grinding on lead-tin laps, 
followed by electrolytic polishing. + 
Etching and the development of ridges 
were avoided by keeping the voltage 
above 3.8 and by preventing contami- 
nation of the polishing solution with 
water. 

Monel, when polished and treated 
with most etchants, is optically iso- 
tropic. However, when given a light 
etch for about 4 sec with the Monel 
contrast solutiont the surface of the 
metal becomes optically active. The 
microstructure when observed under 


t The electrolyte was a solution of nitric acid— 
1 part, methyl alcohol—2 parts. 

t The etchant used consisted of chromic acid— 
3g, nitric acid (conc.)—10 cc, ammonium 
chloride—5 g, water—90 cc. 


Cleveland Meeting, October 1949, 
TP 2696 E. Discussion of this paper 
(2 copies) may be sent to Transactions 
AIME before December 1, 1949. Dis- 
cussion is tentatively scheduled for 
publication in May 1950. 

Manuscript received May 2, 1949; 
revision received July 11, 1949. 

.* General Physical Scientist, Na- 
tional Bureau of Standards. 


1 References are at the end of the 
paper. 


Oo, O 0 OFC 3O) OS OR ORC OBOE 


FIG 1—Appearance of the same area 
of plastically deformed Monel metal B 
under (a) (above) polarized light and (b) 


(below) ordinary light. 
X 750. Reduced one half in reproduction. 


crossed nicols* appears different from 
that viewed by ordinary light. This is 
shown by a comparison of micrographs 
made of the same area of a plastically 
deformed specimen using polarized 
light (Fig la) and white light (Fig 1b). 

If Monel, which has been lightly 
treated with the contrast etchant, is 
slightly deformed by compression, rec- 
tangular figures are apparent over the 
specimen. However, within too short a 
period to be photographed, these rec- 
tangles become circular, probably be- 
cause of surface tension effects within 
the etched film. The two observations, 


* The expression “crossed nicols”’ employed in 
this paper conforms to the usages of optical 
crystallography. It does not mean that Nicol 
prisms are employed but merely that olarizing 
elements in the incident and reflected ms are 
crossed with Sat to each other. The less ex- 
plicit term “polarized light’’ is used in places 
where no ambiguity would result. 
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the rectangular figures becoming circu- 
lar and the failure of the unetched 
surfaces to reflect polarized light, sug- 
gest that the Monel contrast etchant 
forms a film which is anisotropic. 

Unless otherwise specified, all micro- 
graphs were made on a Bausch and 
Lomb Metallographic Research Micro- 
scope, equipped with a Foster vertical 
illuminator prism*® which acts also as 
polarizer and analyzer fixed in the 
crossed position. Measurements of the 
intensity of the reflected resolved 
polarized light were made at the bel- 
lows eyepiece with a specially con- 
structed photometer, which consisted 
essentially of a photo-multiplier tube, 
RCA-931, a bank of dry cells arranged 
to have 90 volts across each dynode, 
and a microammeter. As the current 
coming from this photo-multiplier is 
proportional to the intensity of the 
incident light, all light intensity values 
are expressed in microamperes. 


Differences in Orientation 
Shown by Polarized Light 


ANNEALED MONEL 


It has been shown by many investi- 
gators that the orientation of fully an- 
nealed single phase alloys is uniform 


from point to point in individual 
grains and that the orientation varies 
from grain to grain in a more or less 
random manner. For fully annealed 
Monel, the intensity of the reflected 
polarized light is uniform over the en- 
tire area of each individual grain as 
illustrated by the micrographs of Fig 
2. It should be noted, however, that in 
the case of Monel, the annealing must 
be complete and grain growth started 
before uniform reflection, that is, uni- 
form orientation over individual grains, 
is obtained 

The micrographs in Fig 2 show that 
each grain undergoes a half cycle of 
intensity from maximum to minimum 
for a 45° rotation of the plane of 
polarization, although the angle for 
maximum reflection varies from one 
grain to the next. It was noted that the 
difference in intensity between the 
maximum and the minimum of the re- 
flected light may vary from one grain 
to another. It is, therefore, possible for 
two grains to be at different stages in 
their 90° cycle and yet reflect light 
with the same intensity. While the 
same intensity for different grains may 
mean different orientations, it is obvi- 
ous that for any fixed direction of the 
planes of polarization, a difference in 
intensity must mean a difference in 
orientation. It is on this basis that 


polarized light is used in this study of 
plastic deformation. 


INDIVIDUAL GRAINS IN 
PLASTICALLY DEFORMED MONEL 


Fig 3 shows the microstructure of 
Monel after extensions of 2, 14, 30, and 
38 pet, when deformed at a rate of 214 
pet every 5 min. These micrographs, 
like others photographed under crossed 
nicols, are referred to as intensity pat- 
terns because the areas of extinction 
can be changed to areas of brightness 
or vice versa, although the outlines in 
the pattern remain the same. Obvi- 
ously, plastic deformation has caused 
nonuniform reflections from individual 
grains. If differences in intensity denote 
differences in orientation, then it fol- 
lows that plastic deformation has 
caused inhomogeneous distortions in 
the lattice structure. This is in agree- 
ment with results obtained by Barrett 
and Levenson! who showed, by means 
of X rays and etch pits, that plastic 
deformation caused areas of nonuni- 
form orientation over the individual 
grains. After a study of the intensity 
patterns shown in Fig 3 and other simi- 
lar patterns, it was possible to classify 
the nonuniformities of reflection into 
four types shown by grains A, B, C, 
and D. These will be discussed under 


Results. 


FIG 2—Variations in intensity patterns after successive 
rotations with respect to the plane of polarization, as indicated, 


of a specimen of annealed Monel metal A. — 
x 250. Reduced one half in reproduction. 
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as indicated. 


FIG 3—Variations in intensity patterns within individual 
grains in Monel metal B after plastic deformation in tension 


The axis of tension is in the vertical direction for all specimens. 
750. Reduced one half in reproduction 
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FIG 4—Effect of plastic deformation and angular rotation of crossed nicols on the overall 


intensity of light reflected from Monel metal B. 
Curves A, B, C, D, and E represent specimens extended 0, 14, 33, and 38 pct respectively. 


CORRELATION OF INTEGRATED 
INTENSITIES WITH DEGREE OF 
DEFORMATION 


It was observed, in examining plas- 
tically deformed specimens, that the 
overall intensity of the reflected polar- 
ized light with crossed nicols changed 
as the plane of polarization or the speci- 
men was rotated. These changes were 
measured by the photometer at regular 


angular intervals and the results are - 


shown in Fig 4. The data for curve A, 
obtained from a transverse section of a 
fully annealed specimen, represents a 
condition of random or nearly random 
orientation. It is evident that plastic 
deformation results in the formation 
of four peaks in each curve and that 
. increasing plastic deformation, from 0 
to 38 pct, causes the amplitude to 
increase. 
Since any orientation of an indi- 
vidual grain gues through four intensity 


cycles, it is apparent that the inte- — 


grated intensity of many grains will 
show four peaks as more and more 
grains approach a common alignment. 
Any such directional deviation from 
the original state must be considered 
as a development of preferred orienta- 
tion. X ray studies have shown that a 
progressive increase in preferred orienta- 
tion results when polycrystalline metals 
are deformed plastically in tension. 
There is apparently a relationship be- 
tween the degree of preferred orienta- 
tion and the variation in integrated 
intensity, where preferred orientation 
appears under crossed nicols before its 
development can be detected by X rays. 
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In this connection, it is interesting to 
note that Mebs and McAdam® have 
interpreted variations of Poisson’s 
ratio as showing the anisotropy of this 
same heat of Monel after 4 pct reduc- 
tion of area. Hill® has shown that the 
development of preferred orientation 
accompanies anisotropy. 

If plastic deformation, accompanied 
by a bending of the lattice, occurred in 
such a manner as to permit extension 
in the direction of flow, a plane cutting 
the specimen in this direction should 
show more areas of certain specific 
planes than would be observed in the 
case of a purely random orientation. 
The development of the peaks of Fig 
5 is attributed to such a phenomenon. 
At present, there is very little informa- 
tion available on the intensity of the 
reflection from specific planes or on the 
number or orientations of the planes 
which combine to show this preferred 
orientation. 


EVIDENCE OF BENT LATTICE 
STRUCTURE 


Thin straight parallel lines usually 
seen on polished and etched surfaces 
of annealed metals after slight com- 
pression are considered to be traces of 
crystallographic planes, that is, the 
intersection of these planes with the 
surface of the metal. Sometimes how- 
ever, these lines are curved and the 
question has been raised as to whether 
a set of such curved lines represents 
traces of a set of crystallographic 
planes which are bent, or the traces of 
several sets of parallel crystallographic 


planes which remain straight but which 
combine to give the effect of curved 
lines. The ability of polarized light to 
show changes in orientation along the 
length of a line furnishes an answer to 
this question and thereby yields infor- 
mation as to a mode of deformation. 
Deformed Monel specimens were 
sectioned, polished, etched, and then 
deformed further to form traces, some 
of which are curved. It can be readily 
seen in Fig 5a and d that the slip lines 
bend as they go from one orientation 
to the other as evidenced by changes in 
the intensity pattern. The bends are 
not abrupt, as is the case at the grain 
boundaries, but have measurable radii 
of curvatures. In such cases, the in- 
tensity patterns show a gradual change 
in orientation which indicates a gradual 
change in position of the crystallo- 
graphic axes. This bending of the slip 
lines, therefore, is interpreted as being 
due to a bending of the crystallographic 
planes of which these lines are traces. 
In a metal, such as Monel, which has 
a face-centered cubic structure, these 
slip lines are assumed to be traces of 
octahedral planes. There are four sets 
of these planes, each set inclined to 
each of the other sets at an angle of 70°. 
Fig 56, c and d show the microstruc- 
ture of two specimens that had less 
prior strain than did the specimen 
whose microstructure is shown in Fig 
5a. In Fig 56, there are two sets of 
traces in the central grain, one set 
about horizontal, the other inclined 
about 30° to it. As the orientation 
changes, there is no change in direction 
of the horizontal set, but there is a 
change in the ends of the traces of the 
other set. The case of having two sets of 
traces, one straight and the other bent 
while going through a region of chang- 
ing orientation, can be explained as 
follows: During the process of plastic 
deformation the lattice may be bent 
around an axis parallel to the surface 
in such a manner that the metal surface 
cuts off a longitudinal section of the 
cylinder. Then an octahedral plane at 
right angles to the axis of bending would 
intersect the surface of the metal in a 
straight line regardless of the amount 
of lattice bending. If the octahedral 
plane is at any other angle, the inter- 
section of that plane with the specimen 
surface should show a change of direc- 
tion with a change of orientation. The 
further the octahedral plane inclines 
toward the axis of bending, the greater 
is the curvature of the slip line with 
change in orientation. This is shown in 
the main grain of Fig 5c, where the 
traces go through the main grain with 
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practically no change in direction with 
change in orientation. However, when 
they go through the twin, where an 
octahedral plane is inclined at the twin 
angle, the straight lines become curved 
with changes in orientation. This is 
clearly seen in Fig 5d which is an en- 
largement of the twinned region. 

From a study of many orientation 
patterns, and the slip lines formed on 
the surface by further plastic deforma- 
tion, it appears that initial bending 
occurs around axes nearly perpendicu- 
lar to the octahedral planes and that 
the slip lines run approximately per- 
pendicular to these axes of bending. 
The similarity of the microstructures 
of Fig 3 (deformed before polishing) 
and of Fig 5 (deformed both before and 
after polishing) indicates that the 
curvature of the traces and the accom- 
panying changes in intensity were not 
due to a rumpling of the surface. 

It was found that the number of slip 
lines formed on a specimen initially 
~ annealed, polished, and etched in- 
creased and their spacing became more 
irregular as the amount of plastic 
deformation increased. As can be seen 
in Fig 5a and 6}, the intensity pattern 
of the individual grains indicates that 
the strain was inhomogeneous and this 
resulted in the irregular spacing of the 
slip lines. A series of annealed speci- 
mens, compressed 4, 14, 32, and 36 pet 
before being sectioned and polished, 
were etched and then given 2 pct fur- 
ther compression. Examination showed 
that the 32 pet and 36 pct specimens 
had fewer slip lines present than the 
4 pet and 14 pet. This showed that it is 
more difficult to develop slip lines on 
specimens that had a large amount of 
prior compression than on those that 
had a lesser amount. However, the 
greater the deformation before section- 
ing, polishing, etching, and deforming 
further, the deeper, wider, and more 
irregular become the slip lines. 


Diseussion of Results 
TYPES OF LATTICE BENDING 


The concept of deformation by lat- 
tice bending has been presented by 
many investigators. Polanyi’ related 
the elongation of Laue spots from zinc 
crystals with bending of the slip plane 
(Biegegleitung). Sun and Chu* inter- 
preted Laue photographs of rock-salt 
crystals as showing that the first de- 
formation occurs by a simple bending 
of the lattice around a fixed axis; as the 
crystal deforms further, bending begins 
around one or more new axes. Single 
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FIG 5—Effect of prior plastic deformation on the development 


of slip lines in Monel metal A. 


(a) compressed 28 pct, (b), (c), and (d) compressed 2 pct. (a), (6), 
and (c) X 250. (d) X 750. Reduced one half in reproduction. 


crystals of cadmium, when oriented so 
that the glide plane is nearly parallel 
to the axis of compression, deform by 
a mechanism which Orowan® terms 
“kinking.” Hess and Barrett!° have 
shown that the kink bands described 
by Orowan are a special form of de- 
formation bands and result from a 
bending of the lattice. 

When the intensity patterns of Fig 4 
are interpreted in terms of lattice bend- 
ing, four types of deformation can be 
seen: 

1. Broad diffuse bands of brightness 
and extinction, as typified by grain A: 
These represent lattice bending around 
an axis which is nearly parallel to the 
surface. These appear on specimens 
that have been sectioned longitudinally 
after slight plastic deformation. 

2. Areas of brightness surrounded by 
areas of extinction, as typified by grain 
B: These are typical of a dome type of 
lattice bending wherein the crystallo- 
graphic planes have been bent so that 
they are no longer flat planes, but are 
wrinkled into the shape of a dome. 

3 Bands of brightness and extinc- 
tion with the bands ending in areas of 
extinction and brightness respectively, 
as shown in grain C: Here the change 
in orientation at the end of the band 
shows that the deformation 1s of the 
twisted or screw type. 

4. Bands of brightness or extinction 


sharply outlined in more or less irregu- 
lar shapes and mainly extending in the 
direction of flow as shown by grain D: 
Bands of this type represent fully 
formed deformation bends and usually 
appear after severe necking of the 
specimen. 

Examination of many intensity pat- 
terns shows that initial plastic deforma- 
tion occurs through the bending of the 
lattice around a single axis and that, as 
the amount of deformation increases, 
lattice bending takes place around 
several axes. 

From the extreme irregularity of the 
intensity patterns, it is evident that 
directions of flow can vary within small 
areas and that the deformation is by 
no means uniform or regular as would 
be the case for twinning. 


DEVELOPMENT OF DEFORMATION 
BANDS 


In the early stages of plastic defor- 
mation, the changes in orientation are 
gradual, as seen in Fig 3a and b. As de- 
formation increases, the changes in 
orientation become gradually sharper 
and more distinct in more or less irregu- 
lar areas. After severe plastic deforma- 
tion, these areas of changed orientation 
become elongated and sharply outlined. 
They are clearly seen in Fig 3d and 6a 
and b. As their development is a 
gradual process, it is quite evident that 
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FIG 6—Inhomogeneous deformation 
within individual grains in severely deformed 


specimens of Monel metal A. 
After prior compression of 36 pct for 6(a), 28 
ct for 6(b), (a) (above) X 500, (b) (below) * 250. 
Reduced one half in reproduction. 


these areas are deformation bands and 
not deformation twins. 

As these deformation bands are 
formed, the area bounding them be- 
comes thinner and more distinct until, 
with severe plastic deformation, they 
become grain boundaries. Frequently, 
a well-defined grain boundary was seen 
to end in a deformation band boundary 
which became gradually wide and dif- 
fuse. Such a condition could exist if, 
due to inhomogeneous plastic flow, 
there is, as postulated by Mott," a 
shearing action along the orientation 
boundary (band boundary). With 
severe distortion, and its accompanying 
shear along the newly formed orienta- 
tion boundary, this orientation bound- 
ary becomes a grain boundary. Further 
deformation is then a unique and 
distinct process within each orienta- 


tion. In this way, a grain can be- 


fragmented into smaller grains by plas- 
tic deformation. 


CONTINUANCE OF DEFORMATION 
BANDS ACROSS GRAIN 
BOUNDARIES 


Boas and Hargreaves!? concluded 
from hardness measurements that the 
distortion in a grain is confined largely 
to the areas adjacent to the grain 
boundaries and is transmitted to a 
neighboring grain along its boundaries. 
However, Hibbard,'? by means of 
X ray determinations of orientation, 
showed that deformation was not re- 
stricted to any particular area of the 
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grain. Examination of many intensity 
patterns, such as those in Fig 3, show 
that differences in orientation do not 
occur more frequently near the grain 
boundaries than in the center of the 
grain. While many areas were observed, 
similar to Fig 6a, in which deformation 
bands in one grain are adjacent to de- 
formation bands in the next, the pro- 
portion of such areas is small. From a 
consideration of the intensity patterns, 
it is evident that the transmission of 
deformation across a grain boundary is 
dependent upon the relationship of the 
two adjacent orientations. The re- 
sponse of a grain to the deforming 
stress is affected not only by the orien- 
tation of the grain itself but by the 
restricting action of adjacent grains of 
different orientation. 


EFFECT OF LATTICE BENDING ON 
THE MECHANISM OF PLASTIC 
DEFORMATION 


If deformation of Monel is to occur 
through lattice bending, then the con- 
cept of deformation by slip must per- 
mit gradual changes in lattice orienta- 
tion, such as are seen in Fig 3a and b, 
and must account for the relative pro- 
portions of deformation by lattice 
bending and by slip. It is quite evi- 
dent that slip did not occur through 
the distortion of layered regions which 
would leave the rest of the lattice 
undisturbed. 

It is evident that when the lattice is 
bent, the lattice constants on the con- 
cave side would differ from those on 
the convex side. In such a case, there 
are limitations as to the amount that 
the lattice can be bent elastically with- 
out deforming plastically. The plastic 
deformation, or atomic readjustment, 
could occur through the motion of 
dislocations, where the nonuniform 
stresses set up by the bending of the 
lattice serve as the trigger mechanism 
to start the dislocations into motion. 
It is hoped that more quantitative in- 
formation will be obtained from a 
program now underway which will 
coordinate the results obtained from 
polarized light with those obtained 
from other methods. 

The current widespread interest in 
orientation changes during plastic de- 
formation and the inability of other 
methods to present these changes visu- 
ally has resulted in the publication of 
this paper at this time. 


Summary 


The microstructure of Monel can be 
revealed, when viewed under crossed 


nicols, as an intensity contrast pattern 
when a polished specimen has been 
etched with the ordinary contrast etch- 
ing reagent. Differences in the intensity 
of the reflections were interpreted as 
differences in crystalline orientation. 
On the basis of this hypothesis, varia- 
tions in crystalline orientation were 
shown to be present in individual grains 
in plastically deformed specimens. A 
study of these variations led to the 
conclusion that the individual grains 
were deformed in an extremely irregu- 
lar flow pattern, some of the irregu- 
larity resulting from the restrictive 
action of neighboring grains. 

A study of the microstructure of 
specimens that had been deformed 
plastically, sectioned, polished, etched, 
and then deformed further indicated 
that curved slip lines are the traces of 
crystallographic planes which had be- 
come bent as a result of the prior 
plastic deformation. Changes in lattice 
orientation are attributed to a bending 
of the lattice and are shown to become _ 
sharper and more distinct as the 
amount of plastic deformation is in- 
creased. These changes lead to the 
formation of deformation bands and to 
fragmentation of the grains. 

It was shown that the integrated 
intensities of reflections from many 
grains varied as the specimen was ro- 
tated with respect to the plane of 
polarization of the incident light. The 
integrated intensity increased with an 
increase in the degree of deformation, 
thereby indicating that polarized light 
can be used to detect preferred 
orientation. 
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Introduction 


In a series of papers the author and 
“associates have discussed the influence 
of temperature on the tensile properties 
of metals.1!~!8 These papers present 
much information about the influence 
of temperature and the stress system 
on the conventional indices of mechani- 
cal properties, with special attention 
to the fracture stress. A recent study of 
the data, however, has revealed much 
additional information about the influ- 
ence of temperature on the funda- 
mental factors involved in the flow of 
metals. The present paper presents 
results of this study. Attention will be 
confined almost entirely to results de- 
rived from tension tests of unnotched 
cylindrical specimens at strain rates a 
little slower than those used in ordinary 
tension tests. 

According to a concept first pre- 
sented by Ludwik and elaborated in 
recent papers by others,**?* the 
mechanical state of a metal depends on 
the total plastic strain, but not on the 
temperature during straining, provided 
that the only. structural changes are 
those essential to plastic deformation. 
In the summer of 1948, however, the 
author made the previously men- 
tioned study of results of a general 
investigation by the author and associ- 
ates and reached the conclusion that 
the mechanical state depends not only 
on the total strain, but also on the 
temperature during the straining. A 
number of diagrams were then pre- 
pared. These conclusions were pre- 
sented without diagrams in a discussion 
last October of a paper by Dorn, Gold- 
berg and Tietz.” 

The metals used in the investigation 

on which this paper is based were 
_ Monel and oxygen-free copper. The 
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Monel was supplied by the Interna- 
tional Nickel Co. through the courtesy 
of Dr. W. A. Mudge. The copper was 
supplied by the Scomet Engineering 
Co. through the courtesy of Dr. Sidney 
Rolle. The data to be presented are 
based on results of tests at tempera- 
tures ranging between 165 and — 188°C. 
Description of the apparatus and meth- 
ods of test are given in previous 
papers. !011,12 

The present paper is the first part of 
the general discussion of the influence 
to temperature on the stress-strain- 
energy relationship for metals. The 
next paper will deal with metals that 
are subject to structural changes other 
than those induced solely by plastic 
deformation. 


Influence of Temperature 
and Plastic Strain on the 
Flow Stress of Monel 
and Copper 


For a study of the influence of tem- 
perature on the stress-strain relation- 
ship, flow-stress curves obtained with 
annealed metals at various tempera- 
tures will be compared with curves 
obtained with the same metals after 
cold drawing or cold rolling at room 
temperature. Diagrams thus obtained 
with Monel and copper are shown 
in Fig 1 to 8. Fig 1 to 7 show the varia- 
tion of the flow stress with temperature 
and plastic strain; Fig 8 is a diagram of 
a different type, derived from Fig A to 
7. In Fig 1 to-7 strain is expressed. in 
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terms of Ao/A, in which A» and A 
represent the initial and current areas 
of cross-section. Since values of Ao/A 
are represented on a logarithmic scale, 
abscissas are proportional to true 
strains; moreover, the true strains 
representing prior plastic deformation 
and those representing subsequent 
strain during a tension test are di- 
rectly additive. 

Fig 1 shows flow-stress curves ob- 
tained with annealed Monel. Five of 
the curves are based on results of ten- 
sion tests. Between yield and the maxi- 
mum load, the flow was under longi- 
tudinal tensile stress; between the 
maximum load and fracture, the local 
contraction induced transverse radial 
tensile stress. The portions of curves 
designated F, therefore, represent flow 
with increasing radial stress ratio, the 
ratio of the transverse stress S; to the 
longitudinal stress S;. Curve Fo is 
based on the ultimate stresses of 
specimens taken from bars that had 
been cold drawn various amounts.'’ 
Since the tensile stress at the maximum 
load is unidirectional, curve Fo repre- 
sents the course that a flow-stress 
curve would take if the stress during an 
entire tension test could be kept 
unidirectional. 

The flow-stress curve F' obtained at 
room temperature (Fig 1) has been 
established accurately by numerous 
measurements of the diameter of the 
specimen during the extension from 
yield to fracture.” At the time of the 
experiments, however, no apparatus 
was available for measuring the diam- 
eter during tension tests at low tem- 
peratures. Nevertheless, curves have 
been established to represent with 
sufficient accuracy the flow at low 
temperatures. Each flow-stress curve 
must be tangent to a curve U, which 
starts at a point representing the ulti- 
mate stress of annealed metal. Since the 
ultimate stress is based on the area of 
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FIG 1—Flow of annealed Monel and ulti 


mate stress of cold-worked Monel at various 


temperatures. 


cross-section at the beginning of a ten- 
sion test, this strength index varies 
with the amount of prior plastic de- 
formation of the bar from which the 
specimen was taken. The variation is 
linear with L/L» or with Ao/A, until the 
load reaches a maximum and local con- 
traction begins.* However, when Ao/A 
is represented on a logarithmic scale, 
the theoretical variation of the ulti- 
mate stress with prior plastic strain is 
represented by a curve U. To each 
curve U, the corresponding flow-stress 


*Io and L represent the initial and current 
lengths, 
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curve must be tangent at a point 
representing the true stress at the 
maximum load. Except in some of the 
earliest of the tension tests by the 
author and associates, the extension at 
the maximum load was determined by 
means of an automatic diagram, and 
the point of tangency of the flow-stress 
curve with curve U can thus be 
established accurately. However, since 
the flow-stress curve and the tangent 
curve generally are close together for a 
considerable distance on each side of 
the point of tangency, the course of the 
flow-stress curve in this region can be 


established with sufficient accuracy, 
even when the extension at the maxi- 
mum load has not been measured. 
Moreover, an additional check for the 
point of tangency is available when 
the extension at the maximum load has 
been determined at room temperature; 
for Monel, the extension at the maxi- 
mum load increases slightly with de- 
crease of temperature, as illustrated in 
Fig 1. Between the points representing 
yield and maximum load, the flow- 
stress curves for Monel at low tem- 
perature have been constructed so as to 
be in proper correlation with each 
other and with the accurately estab- 
lished curve representing flow at room 
temperature. 

In order to extend the curves beyond 
the points of tangency with curves U, 
it is necessary to establish at least 
approximately the points representing 
the beginning of fracture. Points R in 
Fig 1 represent breaking stresses ob- 
tained by dividing the load at begin- 
ning fracture by the cross-sectional 
area determined after fracture. How- 
ever, because plastic deformation of a 
ductile metal generally continues at 
the rim of the cross-section while the 
fracture is extending from the axis to 
the periphery, the area of cross-section 
generally decreases during fracture. 
The breaking-stress values indicated 
by points R, therefore, are too high. At 
room temperature, the transverse meas- 
urements during flow have made it 
possible to determine accurately the 
true fracture stress, the stress when 
the flow-stress curve reaches a maxi- 
mum and fracture begins. This stress 
is represented by point TJ. Although 
transverse measurements were not 
made during flow at low temperatures, 
approximate values of the true fracture 
stresses have been estimated on certain 
assumptions and are indicated by 
points 7. These points must be on the 
nearly straight lines extending down- 
ward from points R at such a slope that 
percent decreases in stress are equal 
to percent decreases in Ao/A*. Points 
T on these lines have been located on 
the assumption that the percent de- 
crease in coordinates from R to T 
should be the same for low tempera- 
tures as for room temperature. The 
flow-stress curves between the points 
representing maximum load and_ be- 
ginning fracture have been constructed 
so as to be in proper correlation with 
each other and with the curve ob- 
tained at room temperature. 


* The lines are not quite straight because the 
scale is semilogarithmic. 
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The curves thus constructed are 
sufficiently accurate for use in a study 
of the influence of temperature and 
plastic strain on the flow stress. The 
first part of this study will be a com- 
parison of these curves with the three 
points representing ultimate stresses 
of cold-drawn Monel. Since this metal 
had been reduced 40 pct in cross-sec- 
tion by cold drawing, and since ulti- 
mate stresses of severely cold drawn 
metal are practically the same as flow 
stresses at the maximum load, the three 
points representing ultimate stresses in 
Fig 1 have been placed at an abscissa 
representing a value of 1.67 for Ao/A. 
The point representing the ultimate 
stress at room temperature thus coin- 
cides with curve Fo. 

If the flow stress (for a constant 
strain rate) were merely a function of 
temperature and total strain, the 
points representing ultimate stresses 
of cold-drawn Monel at —128 and 
—188°C would be much higher than 
they are in relation to the correspond- 
ing flow-stress curves. They would be 
below these curves, because the curves 
to the right of the points representing 
the beginning of local contraction are 
affected by the increasing radial stress 
ratio (S;/S;), but they would be higher 
than the corresponding points repre- 
senting flow of annealed Monel at the 
maximum load. As shown in Fig 1, 
however, the points representing ulti- 
mate stresses of cold-drawn Monel at 


low temperatures are much lower in the 


diagram than the corresponding points 
representing the flow stresses of an- 
nealed Monel at the maximum load. 
The evidence, therefore, indicates that 
the flow stress at any instant depends 
not only on the temperature and total 
strain at that instant, but also on any 
prior changes in temperature during 
the flow. 

For a thorough study of the influence 
of temperature and strain on the flow 
stress it is necessary to compare curves 
representing flow at various tempera- 
tures, but with the same stress system. 
Such a comparison is not made in 
Fig 1. The ideal stress system for 
this purpose is unidirectional tensile 
stress (S3/S: = 0). As shown in Fig 1, 
a complete curve (Fo) has been derived 
to represent flow under this stress sys- 
tem at room temperature.” In Fig 2, this 


curve and other curves of Fig 1 have 


been reproduced for comparison with 
curves representing flow under uni- 
directional tensile stress at low tem- 
peratures. Fig 2 also contains: flow- 


stress curves for cold-drawn Monel. 
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FIG 2—Influence of temperature on the flow of Monel under unidirectional tensile stress. 


Curve F for cold-drawn Monel at room 
temperature is based on frequent 
transverse measurements during flow, 
and thus the point representing the 
beginning of fracture has been accu- 
rately established.!? The F curves for 
cold-drawn Monel at low temperatures 
have been established approximately 
by the method used in establishing the 
F curves of Fig 1. The / curves repre- 
senting flow at low temperatures are 
not based directly on results of experi- 
ment; experiments to extend such a 
curve beyond the point representing 
the maximum load in a tension test 
would involve ¢old drawing or cold 


rolling at the low temperature. How- 
ever, each of these curves in Fig 2 has 
been constructed with proper diver- 
gence from the corresponding F’ curve. 
Since the same amount of local con- 
traction would cause about the same 
increase in the radial stress ratio 
(S3/S;) at low temperatures as at room 
temperature, the ratio of ordinates of 
corresponding Fy and F' curves at the 
same abscissa has been made about the 
same for low temperatures as for room 
temperature. 

The junctions of the F and Fy curves 
for cold-drawn Monel at low tempera- 
tures represent incipient flow at these 
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FIG 3—Influence of temperature on the flow of copper under unidirectional tensile stress. 


temperatures after the indicated strain. 


at room temperature. The dotted curve 
S passing through each of these junc- 
tions represents approximately the 
locus of incipient-flow stresses at the 
indicated temperature after various 
strains at room temperature. Such 
curves, although they do not represent 
continuous flow, will be termed ‘“‘sec- 
ondary flow-stress curves” to dis- 
tinguish them from the primary curves 
from which they are derived. For 
accurate determination, such a curve 
should be based on results of tests of 
specimens that had been extended 
various amounts at room temperature. 
However, when a single point has been 
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established far out on a secondary 
flow-stress curve, the curve can be con- 
structed in proper correlation with the 
primary curves, so as to be accurate 
enough for a study of the influence of 
temperature and strain on the flow 
stress. Each secondary curve begins at 
the origin of the corresponding primary 
curve; it diverges continuously down- 
ward from that curve and upward from 
the Fo curve for annealed Monel at 
room temperature. Beyond the points 
representing ultimate stresses of cold- 
drawn Monel, the ratios of correspond- 
ing ordinates of the three Fo curves 
increase very little. Comparison of the 
primary and secondary Fy curves in 


Fig 2 shows that the mechanical state 
depends not only on the total strain, 
but also on the temperature during the 
strain. 

Fig 3 shows results of tests of an- 
nealed copper rod and of rod that had 
been plastically deformed three dif- 
ferent amounts before the tension 
tests. Two lots of the copper rod had 
been cold drawn to 40 and 54 pet reduc- 
tion in cross-section, and one lot had 
been cold rolled to 75 pet reduc- 
tion. The points representing ultimate 
stresses and the corresponding strains 
of the cold-worked copper coincide ex- 
actly with Fy curve for annealed copper 
at room temperature; this curve is 
based on numerous ultimate stress val- 
ues for cold-drawn wire and cold-rolled 
strip.!7 However, Fig 3 is based almost 
entirely on results obtained with the 
annealed rod and severely cold-rolled 
rod, which were tested at room tem- 
perature and at low temperatures. 

Curves F for annealed copper and 
severely cold-rolled copper have been 
established accurately by numerous 
transverse measurements of the diam- 
eter of the specimen during flow.!7 The 
true fracture stresses thus have been 
determined accurately. Although trans- 
verse measurements were not made 
during flow at low temperatures, the 
curves representing flow at these tem- 
peratures have been established by 
proper correlation with curves U, with 
the Fo and F curves for room tempera- 
ture, and with the points representing 


’ fracture at room temperature. Since the 


points representing ultimate stresses of 
the severely cold-rolled copper are far 
out along the secondary flow-stress 
curves S, the divergence of these curves 
from their origins must be approxi- 
mately as indicated in the figure. 
Comparison of the S curves with the 
F, curves from which they diverge gives 
additional evidence that the mechani- 
cal state of a metal depends not only on 
the total strain, but also on the tem- 
perature during the strain. Since 
“mechanical state’? involves both 
strength and ductility, and since atten- 
tion is being confined to resistance to 
flow, the term ‘‘strength state’’ will be 
used instead of ‘‘mechanical state,” 
with the understanding that “‘strength”’ 
here means resistance to flow, not 
resistance to fracture. In general use, 
the word “strength” designates a 
property that varies with the tem- 
perature, as indicated by the variation 
of the hardness and flow stress. In the 
term “‘strength state,” however, the 
word “strength” implies a condition 
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of the metal, a property independent of 
temperature. In future discussion, the 
term ‘“‘intrinsic strength”’ will be used 
with the same significance as “strength 
state.” 

The lower the temperature, the more 
rapid is the increase of the intrinsic 
strength with strain. The intrinsic 
strength or strength state is unchanged 
when the temperature is changed with- 
out change in the total strain. In Fig 
2 and 3 for example, points at the same 
abscissa on the Fy curve for room tem- 
perature and the two secondary flow- 
stress curves represent the same 
strength state, although they represent 
very different flow stresses. The effect 
of temperature on the flow stress evi- 
dently involves two factors: (1) a 
direct effect; (2) an effect of tempera- 
ture on the rate of increase of the 
intrinsic strength with strain. The 
direct effect is illustrated by the verti- 
cal distance between the Fo curve for 
room temperature and the correspond- 
ing S curve; the effect of temperature 
on the rate of increase of the intrinsic 
strength with strain is illustrated by 
the divergence of the primary and 
secondary curves for the same tem- 
perature. For a comparison of strength 
states by means of flow stresses, the 
flow-stresses must be determined at the 
same temperature. 

From a set of Fy curves and second- 
ary flow-stress curves, such as those in 
Fig 2 and 3, the relationship between 
the direct temperature factor and the 
intrinsic strength factor can be deter- 
mined. By the use of these factors, 
other locus curves may be developed, 
each representing incipient-flow stresses 
at one temperature after various 
strains at any other temperature, 
higher or lower, within the range repre- 
sented in the diagram. These derived 
curves can be established in exact 
correlation with the primary and sec- 
ondary curves, and extended through- 
out the strain range of curves from 
which they are derived. For a system- 
atic study of the stress-strain-tempera- 
ture relationship, three groups of these 
derived curves should be available. 
In Fig 4 and 5, three groups of these 
curves for Monel have been assembled 


together with the Fy curves and S 


curves, which have been reproduced 
from Fig 2. In Fig 6 and 7 three similar 


groups of curves for copper have been 


assembled together with the Fo curves 
and S curves, which have been repro- 
duced from Fig 3. These derived curves 
will be termed ‘‘tertiary flow-stress 


- curves.” Like the secondary curves, 
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FIG 4—The flow stress of Monel as affected by temperature and total strain. 


they do not represent continuous flow. 

Before further consideration of the 
tertiary curves, attention will be given 
to curves of another type, the curves 
designated A to Cin Fig 4 to 7. Each of 
these curves shows the influence of tem- 
perature on the strain that will produce 
the same strength state. These con- 
stant-state curves have been derived 
from the primary and secondary flow- 
stress curves by applying the following 
principles: (1) Varying the temperature 
without varying the plastic strain 
causes no change in the strength state. 
(2) Two specimens of the same metal, 
whatever their strain history, are in 


- the same strength state if their flow 


stresses are the same at the same 
temperature. The first principle im- 
plies that points at the same abscissa 
on the Fy) curve for room temperature 
and the S curves represent the same 
strength state. The second principle 
implies that a horizontal line drawn 
between a primary and a secondary 
curve representing flow at the same 


- temperature will intersect these curves 


at points representing the same strength 
state. 

For an example of the use of these 
principles in deriving a constant-state 
curve, reference may be made to curve 
C in Fig 4. A point on the Fy curve for 
room temperature has been selected 
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FIG 5—The flow stress of Monel as affected by temperature and total strain. 


to represent state C. According to . 
principle (1), the vertical line drawn 
through this point intersects the sec- 
ondary flow-stress curves S at points 
representing the same strength state. 
According to principle (2), horizontal 
lines drawn from these intersections 
will intersect the corresponding F% 
curves at points representing the same 
strength state. The positions repre- 
sented by the black circles have thus 
been established, and curve C drawn 
through these points represents a con- 
stant strength state. This method has 
been used in constructing all the con- 
stant-state curves in Fig 4 to 7. 
Although a constant-state curve 
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represents constant intrinsic strength, 
it does not represent constant ductility. 
With decrease in temperature, the 
strain to produce constant intrinsic 
strength decreases, while the total duc- 
tility of Monel and copper increases. 
The residual ductility thus increases as 
the temperature is lowered. Consequ- 
ently, since ‘“‘constant mechanical 
state”’ implies constant strength and 
ductility, it is not possible to produce 
such a state by varying the plastic 
strain with the temperature. Moreover, 
although a constant strength state may 
be produced by varying the strain with 
the temperature, the structural state is 
not constant. With decrease in tempera- 


ture, the strengthening effect of plastic 
strain of Monel and copper increases, 
but the damaging effect!’ does not. 

Attention will now be given to the 
three previously mentioned groups of 
tertiary flow-stress curves. One of the 
groups obtained with Monel is in Fig 
A and the other two are in Fig 5; one of 
the groups obtained with copper is in 
Fig 6 and the other two are in Fig 7. In 
deriving these curves, the points repre- 
sented by inverted triangles have been 
established by a graphical method simi- 
lar to the method of establishing the 
constant-state curves. Beyond these 
triangles, the tertiary curves have been 
extended by an arithmetical method 
involving the use of a direct tempera- 
ture factor and an intrinsic strength 
factor. This method will be discussed 
later. 

For an illustration of the graphical 
method, reference may be made to the 
inverted triangles on the G curves of 
Fig 4. Each of these curves represents 
the locus of incipient-flow stresses at 
the indicated temperature, after vari- 
ous strains at —188°C. In establishing 
a point on such a curve, this point 
should be placed at the proper distance 
directly below a selected point on the 
Focurve representing strain at — 188°C. 
For convenience in establishing the two 
triangles on each of the G curves, the 
two specific strains selected are those 
represented by the black circles on the 
uppermost Fy) curve; these are the 
strains that will produce strength 
states A and C. If two specimens be 
strained these amounts at — 188°C and 
then heated to room temperature, the 
points representing the incipient-flow 
stresses will be directly below the black 
circles on the Fo curve. Moreover, since 
the two specimens will still be in states 
A and C, the incipient-flow stresses at 
room temperature should be the same 
as if the specimens had been strained 
to these states at room temperature. 
The two triangles on the lowest G 
curve, therefore, have been placed on 
the horizontal lines extending from the 
black circles on the Fy curve for room 
temperature. From points directly 
above these two circles and on the 
secondary flow-stress curve S_ for 
—128°C, horizontal lines have been 
drawn to establish the two triangles on 
the G curve representing incipient-flow 
at — 128°C. The same graphical method 
has been used to locate the triangles on 
all the tertiary flow-stress curves of 
Fig 5, 6 and 7. 

The method of establishing these 
tertiary curves involves the assumption 
that, within the temperature range 
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represented, there are no structural 
changes other than those essential to 
plastic deformation. It also involves 
the assumption that, if the flow 
stresses of two specimens of the same 
metal with different temperature-strain 
histories are equal at one temperature, 
they will be equal at any other tem- 
perature within the range represented. 
This assumption implies that the direct 
effect of temperature on the flow stress 
is the same for two specimens with the 
same intrinsic strength, whatever may 
be the difference in the temperature- 
strain history. If this assumption were 
incorrect, the concept of intrinsic 
strength would be as untenable as the 
concept of absolute velocity. However, 
the concept of intrinsic strength is sup- 
ported by scattered evidence in the 
literature. Moreover, it receives addi- 
tional support from the results of a 
study of the influence of temperature 
on strain energy. 

In Fig 4, the group of G curves is 


_ similar in one respect to the group of 


secondary flow-stress curves S. In each 
group, the curves represent incipient- 
flow stresses at several indicated 
temperatures after strains at one tem- 
perature. By comparison of ordinates 
of the curves of either group with the 
associated Fy curve, information may 
be obtained about the direct effect of 
temperature on the flow stress. Similar 
groups of curves are shown in Fig 6. 
Fig 5 and 7, however, each contain two 
groups of a different type from those in 
Fig 4 and 6. The curves in each group 
in Fig 5 and 7 represent incipient-flow 
stresses at one femperature after strains 
at several indicated temperatures. At- 
tention will be confined almost entirely 


_ to Fig 5, although the discussion would 


apply as well to Fig 7. The upper group, 
comprising the K curves, shows results 
of straining at several temperatures 
followed by determination of the 
incipient-flow stresses at —188°C. 


Since the uppermost Fy curve repre- 


~ sents flow at —188°C, it belongs in the 


same group with the A curves. The 


lowest curve in this group is the sec- 


ondary flow-stress curve S for — 188°C. 
All the curves of the upper group have 


_ the same origin, the point representing 


oN 


yield at —188°C. The lower group in 


Fig 5, comprising the L curves and the 
_ Fy curve for room temperature, shows 


results of straining at several tempera- 


tures followed by determination of the 


incipient-flow stresses at room tempera- 
ture. All the curves of this group have 
their origin at the point representing 


_ yield at room temperature. 


Since the ordinates in each of these 
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FIG 6—The flow stress of copper as affected by temperature and total strain. 


groups represent incipient flow stresses 
at the same temperature, the ordinates 
at constant strain are proportional to 
the intrinsic strengths, and a horizontal 
line drawn through either of the two 
groups would intersect the curves at 
points representing the same intrinsic 
strength. In the lower group of curves 
in Fig 5, horizontal lines have been 
drawn to intersect the lowest fy curve 
at points representing strength states 
A, B and C. These horizontal lines 
intersect the tertiary flow-stress curves 
L at the indicated points, wich are 
directly below corresponding circies on 


-curyes A, B and C. The strength states 


represented by horizontal lines A, B 
and C, therefore, are the same as those 
represented by curves A, B and C. The 
flow stresses represented by curves 
A, B and C, however, are primary 
flow stresses; the flow stresses repre- 
sented by the horizontal lines are in- 
cipient-flow stresses after change to 
room temperature. 

If ordinates in the curves of either 
the upper or lower group of Fig 5 be 
compared at the same abscissa, the 
ordinates will be proportional to the 
intrinsic strengths produced by the 
same strain at the indicated tempera- 
tures. Since the temperatures of pri- 
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FIG 7—The flow stress of copper as affected by temperature and total strain. 


mary flow were the same for both the 


upper and lower groups, the intrinsic 
strengths produced by the same strain 
should be in the same proportion for 
each group. Consequently, although 
the incipient-flow stresses represented 
by the curves of the upper and lower 
groups differ greatly, the ordinates at 
the same abscissa should be in the same 
proportion in each group. As will be 
shown in the discussion of Fig 8, the 
ordinates in each of the groups in Fig 
5 and 7 are in correct proportion. 

The effects of the difference between 
room temperature and —188°C are 
represented in Fig 5 by five ordinate 
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ranges. The extreme ordinate range, 
the range between the highest and 
lowest Fo curves, represents the effect 
of this temperature difference on the 
primary flow stress. Within this ordi- 
nate range are four other significant 
ranges. The ordinate ranges of the 
upper and lower groups of curves 
represent the effect of the above-men- 
tioned temperature difference on the 
intrinsic strength. The range below the 
upper group of curves and the range 
above the lower group of curves, each 
represent the direct effect of the same 
temperature difference on the flow 
stress. Thus there are two ordinate 


ranges representing the effect of the 
same temperature difference on the in- 
trinsic strength, and two ordinate 
ranges representing the direct effect of 
this temperature difference on the flow 
stress. However, when the effects of 
this temperature difference are ex- 
pressed in terms of ordinate ratios 
instead of ordinate differences, a single 
ordinate ratio will represent the effect 
on the intrinsic strength and a single 
ordinate ratio will represent the direct 
effect on the flow stress. The product 
of these two ratios is the ordinate ratio 
for the highest and lowest Fo curves in 
Fig 5. The effect of a temperature dif- 
ference on the primary flow stress, — 
therefore, should be expressed as the 
product of two flow-stress ratios, one 
of which will be called the intrinsic 
strength ratio and the other the direct 
temperature factor. 

Plastic strain has very different ef- 
fects on these two factors. Since the 
curves in each group from which in- 
trinsic strength ratios are derived di- 
verge from the corresponding point 
representing yield (Fig 5 and 7), the 
intrinsic strength ratio at yield is 1.0 
and the ratio increases continuously 
with plastic strain. The direct tempera- 
ture factor, for a change between room 
temperature and —188°C, is repre- 
sented by the ordinate ratio for the 
uppermost secondary flow stress curve 
S and the Fy curve for room tempera- 
ture. For copper, this ratio is about 1.3 
at yield, and changes little with plastic 
strain (Fig 7). For Monel, the ratio is 
about 1.9 at yield, but the ratio de- 
creases rapidly with strain until it is 
about the same as for copper; there- 
after the ratio changes very little. 

Diagrams of a different type have 
been derived from Fig 4 to 7 and are 
shown in Fig 8. In this figure tempera- 
tures are plotted as abscissas. The 
temperature scale is the same that has 
been used in previous papers by the 
author and associates. !!-16.19 Tempera- 
tures in degrees K are plotted ona log- 
arithmic scale. Since abscissas are pro- 
portional to the logarithm of the degrees 
Kelvin, the scale is the same in princi- 
ple as Kelvin’s original thermodynamic 
scale. This scale has been used because, 
within the range from room tempera- 
ture —188°C, it gives a nearly linear 
relationship between temperature and 
conventional strength indices for vari- 
ous metals. Ordinates in the upper 
division of Fig 8 represent flow stresses; 
in the lower division ordinates repre- 
sent flow-stress ratios. 

Attention will be given first to the 
curves in the upper division. In this 
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division, there are three groups of five 
curves, and two curves representing 
the influence of temperature on the 
yield stress. Each group of five curves 
represents variations of the flow stress 
when the plastic strain is constant at 
the amount indicated by the value of 
A)/A. Each of these groups has been 
derived from corresponding groups of 
flow-stress curves in Fig 4 to 7 by 
using flow-stress values represented by 
the ordinates at the indicated value of 
A,/A. To simplify the correlation be- 
tween the curves in Fig 8 and the 
curves from which they are derived, 
the same letters have been used to 
designate the curves in Fig 8 and the 
corresponding curves in Fig 4 to 7. 
Moreover, the same symbols that 
designate established points on the 
curves in Fig 8 have been inserted at 
corresponding points on the vertical 
dot-and dash lines of Fig 5, 6, and 7. 

In each group of five curves in Fig 
8, the Fy curve and the S curve are 
derived from corresponding primary 
and secondary flow-stress curves; the 
other three curves in the group are 
derived from tertiary flow-stress curves. 
The S curve and the G curve have 
similar meaning. The S curve repre- 
sents the variation of the incipient-flow 
stress with temperature, after the indi- 
cated strain at room temperature; the 
G curve represents the variation of the 
incipient-flow stress with temperature 
after strain at —188°C. Each of these 
curves, therefore, represents constant 


- intrinsic strength, and hence it repre- 


sents the direct effect of temperature 
on the flow stress. The K curve and the 
L curve also have similar meaning. 
The K curve represents the effect of 
constant strain at various tempera- 
tures on the incipient-flow stress at 
—188°C; the L curve represents the 
effect of constant strain at various 
temperatures on the incipient flow 


stress at room temperature. The flow- 


stress variation represented by each 
of these curves, therefore, is propor- 
tional to the variation of the intrinsic 
strength with temperature. 

As indicated by the S curves in Fig 


8, the direct effect of temperature on 


the flow stress is nearly linear between 
room temperature and —188°C, on 


this temperature scale. The linear 


relationship is found not only at 


severe strains corresponding to Ao/A 


values of 4.6 for Monel and 10 for 
copper, but also at values of 1.3 for 
Monel and 4 for copper, abscissas at 


- which the secondary flow-stress curves 
(Fig 2 and 3) are most accurately 
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FIG 8—Influence of temperature on the flow stress of Monel and copper at constant strain. 


established. The linear relationship, 
however, probably ends a little above 
room temperature. The downward 
bending of the S curves for copper in 
Fig 8 possibly is due to the softening 
effect of “‘relaxation.” If the S curves 
for Monel were extended above room 
temperature, they probably would turn 
upward because of strain aging.!! Be- 
tween room temperature and —188°C 
neither Monel nor copper shows evi- 
dence of either strain aging or re- 
laxation. There*is some doubt that 


the linear relationship persists below 
—188°C. Continuation of the linear 
relationship on this temperature scale, 
between —188°C and the temperature 
of liquid hydrogen (—252.8°C) would 
require about 35 pct increase in the 
flow stress. Results of tension tests by 
DeHaas and Hadfield! and by Kos- 
tenetz’? indicate that the increase in the 
flow stress between —188°C and 
—252.8°C for most of the metals tested 
would be not more than about 20 pet. 
However, results obtained by Kos- 
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FIG 9—Influence of temperature on the strain energy of Monel for constant intrinsic strength 


tenetz with some steels indicate an 
increase of about 35 pct, and his re- 
sults for aluminum indicate an increase 
of 67 pct. The evidence based on these 
tests, therefore, is inconclusive. It ap- 
pears probable, however, that the S 
lines for Monel and copper should be 
slightly curved if extended below 
—188°C; the curvature would be 
qualitatively similar to that of the F, 
curves in Fig 8. _ 

The Fo curve, even in the absence of 
strain aging, probably would reverse 
its curvature if extended far enough 
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above room temperature. If extended 
over a sufficient temperature range, 
the curve would thus be similar in form 
to a curve representing the influence 
of temperature on the ultimate stress. 
Below the point of reversal the curva- 
ture is due largely to the influence of 
temperature on the intrinsic strength 
factor, as illustrated by curves K and 
L in Fig 8. 

In each group of five curves in Fig 8, 
two curves represent the direct effect 
of the same range of temperature on 
the flow stress, and two curves repre- 


sent the effect of the same range of 
temperature on the variation of the 
flow stress with the intrinsic strength. 
However, when the effect of this 
range of temperature on each of these 
four curves is expressed in terms of 
flow-stress ratios instead of flow-stress 
differences, only one curve is obtained 
to represent the direct effect of tem- 
perature, and only one curve is 
obtained to represent the effect of tem- 
perature on the intrinsic strength 
ratio. Curves so obtained are shown 
in the lower division of Fig 8. Lines 
DTF represent the variation of the 
direct temperature factor with tem- 
perature, and curves JSR represent the 
variation of the intrinsic strength 
ratio. Ratios are expressed in terms of 
the flow stress at the indicated strain at 
room temperature. Lines DTF are 
based on averages of closely agreeing 
ratios derived from lines S and G; 
curves ISR are based on closely agree- 
ing ratios derived from curves K and L. 
However, there is another way in 
which the ISR curves can be derived. 
From a pair of Fo and S curves in Fig 
8 intrinsic strength ratios can be de- 
rived by calculating ratios of corre- 
sponding ordinates. Since the S curve 
represents the effect of lowering the 
temperature without change of in- 
trinsic strength, any point on this 
curve represents the intrinsic strength 
produced by the indicated strain at 
room temperature. The ratio of ordi- 
nates of the Fy and S curves at the 
same abscissa, therefore, is the ratio 
between the intrinsic strength pro- 
duced by straining at the indicated 
temperature and the intrinsic strength 
produced by the same strain at room 
temperature. Ratios thus obtained 
from the Fy and S curves are identical 
with those obtained at the same ab- 
scissas from curves K and L. 

The fundamental factors involved in 
the effect of temperature on the flow 
stress, therefore, can be derived directly 
from corresponding Fy) and S curves. 
These factors could then be used to 
establish curves G, K, L, DTF and ISR 
in Fig 8 without the use of the tertiary 
flow-stress curves in Fig 4 to 7. More- 
over, the same arithmetical method can 
be used, in conjunction with the 
graphical method, to derive the tertiary 
flow-stress curves in Fig 4 to 7 from the 
Fy and S curves. 

As indicated by the JSR curves in 
Fig 8, the influence of temperature on 
the intrinsic strength factor gradually 
becomes less prominent as the tem- 
perature is lowered between room 
temperature and —188°C. However, if 
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the JSR curves were extended to some 
point above room temperature the 
steepness probably would begin to 
decrease, even in the absence of strain 
aging. The influence of prior plastic 
strain on the steepness of the JSR curve 
is illustrated by the relation between 
the two JSR curves for Monel. With 
decrease in the prior plastic strain, the 
steepness of the JSR curve decreases. 
At yield, the curve would become a 
horizontal line, and the influence of 
temperature on the flow stress would 
depend entirely on the direct tempera- 
ture factor. 


Influence of Temperature 
on the Strain Energy of 
Monel and Copper 


The energy applied in the plastic de- 
formation of metals is converted partly 
into heat and partly into latent energy. 
The conversion into latent energy is 
associated with the work-hardening, 
that is, the increase of intrinsic 
strength with strain. Since the strain 
energy is a function of the area beneath 
a flow-stress curve, the evidence in Fig 
4 to 7 indicates that both the total 
strain energy and the latent energy 
yary with the temperature at which the 
metal is strained. The flow-stress curves 
in Fig 4 to 7, therefore, have been used 
to develop diagrams representing the 
influence of temperature on the strain 
energy of Monel and copper. The dia- 
grams thus obtained are shown in Fig 
9, 10 and'11. The energy values repre- 
sented in these figures have been de- 
rived from the areas beneath flow-stress 
curves in Fig 4 to 7. The areas were de- 
termined by the use of original unre- 
duced diagrams (20 in. wide) which 
were on coordinate paper with fine 
subdivisions. Since abscissas in these 
diagrams are proportional to true 
strains, the area beneath a flow-stress 


curve is proportional to the strain 


energy per unit volume of the flowing 
metal, even when this volume is de- 
creasing because of local contraction. 
In calculating energy values per unit 
volume from the areas, a factor was 


used to convert abscissas to natural 
strains, and other factors were used 


so as to determine the energy equiva- 
lent of unit area in’ calories !perjgram 
atom. 

Fig 9 and 10 show the energy rela- 
tions for constant strength state; Fig 
11 shows the energy relations for con- 
stant strain. Attention will be given 
first to the relations for constant state. 


States B and C represented by curves 
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FIG 10—Influence of temperature on the strain energy of copper for constant intrinsic 
strength. 


W in Fig 9 are the same as those repre- 
sented by curves B and C in Fig 5; 
states A and B represented by curves 
W in Fig 10 are the same as those 
represented by curves A and B in Fig 7. 
The circles on the W curves in Fig 9 
and 10 correspond to circles on the 
constant-state curves in Fig 5 and 7. 
Just as curve C in Fig 5 represents the 
effect of temperature on the strain that 
will produce state C, so curve Von the 
right side of Fig 9 represents the effect 
of temperature on the strain energy that 


- 


will produce the same strength state. 
The similarity in form between the W 
curves in Fig 9 and 10 and the constant 
state curves in Fig 5 and 7 indicates 
that, for constant state, the variation 
of the strain energy with temperature 
is similar to the variation of the plastic 
strain. — 

Curves W in Fig 9 and 10 represent 
the influence of temperature on the 
total strain energy. However, just as 
the influence of temperature on the 
flow stress involves a direct tempera- 
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FIG 11—Influence of the temperature of Monel and copper on the strain energy for constantstrain, 


ture factor and an intrinsic strength 
factor, so the influence of temperature 
on the strain energy involves the same 
two factors. The relative influence of 
the two factors varies greatly with the 
metal. When the yield stress varies 
greatly with temperature, the influence 
of the direct temperature factor is most 
prominent. Curves W’ have been de- 
veloped to represent the influence of 
temperature on the work-hardening 
energy, the energy that remains after 
allowance for the influence of the direct 
temperature factor. Although partial 
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allowance for this factor may be made 
by utilizing only part of the area be- 
neath a_ flow-stress curve, the part 
above the point representing the yield 
stress, the allowance thus made is in- 
complete. Complete allowance can be 
made by the method now to be de- 
scribed. Whereas curves W in Fig 9 are 
derived from the areas beneath Fo 
curves in Fig 5, curves W’ in Fig 9 are 
derived from areas beneath the L 
curves in Fig 5. The strain energy 
values represented by the symbols on 
curves W’ in Fig 9 correspond to the 


200 300 500°K 
| i ee 


strain values indicated by symbols of 
the same kind on the horizontal lines 
representing strength states B and C in 
Fig. 5. Curves W’, therefore, represent 
strain energy values derived from 
curves representing incipient flow at 
one temperature after strain at various 
temperatures. It should be emphasized 
that curves L in Fig 5 and 7 do not 
represent continuous flow. The ordi- 
nates of curves W’ in Fig 9 and 10, 
therefore, do not represent strain 
energies for continuous flow at room 
temperature. They represent merely 
the energy values obtained by making 
allowance for the influence of the 
direct-temperature factor on the strain 
energy, and thus obtaining values for — 
what may be called work-hardening 
energy. Since the values for work- 
hardening energy represented by a W’ 
curve are relative to the total strain 
energy at room temperature, curve W’’ | 
crosses curve W at the abscissa repre- 
senting room temperature (300°K). 
The values represented by a W’ curve 
thus are merely relative values. They 
have been desired for use in the follow- 
ing study of the relation between ap- 
plied energy and latent energy. 

The relation between the total 
strain energy and the latent energy in- 
duced by plastic strain has been inves- 
tigated by Taylor and Farren? and 
by Taylor and Quinney.?! The metals 
used in their experiments were copper, 
annealed mild steel, and annealed 
decarburized mild steel. For various 
stages during plastic deformation of 
these metals the increments of applied 
energy and latent energy were deter- 
mined. With copper, the ratio of these 
increments (latent energy ratio) was 
about 9 pet throughout a wide range of 
plastic strain, but eventually de- 
creased rapidly to about 4 pct. With 
the mild steel, the ratio decreased 
continuously from about 13 to about 
7 pet. With the decarburized steel, 
the ratio decreased from about 10 to. 
about 3 pet. With all three metals, — 
however, the ratio of the total latent. 
energy to the total applied energy 
changed very little throughout a wide 
range of plastic strain, a range which 
was much greater for copper than for 
the steels. For a qualitative study of 
the influence of temperature of the 
latent energy ratio, it has seemed best. 
to assume a ratio of 10 pct for Monel 
and copper at room temperature. This. 
ratio, therefore, has been used in Fig 
9 and 10. 

Since each ‘of the four W curves of 
Fig 9 and 10 represents the strain 
energy relation for constant intrinsic 
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strength, a reasonable assumption is 
that each curve also represents the 
strain energy relation for constant 
latent energy. Beneath each of the W 
curves, therefore, a horizontal line 
has been drawn to represent the influ- 
ence of temperature on the latent 
energy E. The constant ordinate of line 
E is one-tenth the ordinate of curve 
W at room temperature. Comparison 
of corresponding ordinates of line E and 
curves W and W’ shows that the 
latent energy ratios E/W and E/W’ 
increase greatly with decrease in tem- 
perature. The variation of these ratios 
with temperature is represented di- 
rectly by the curves in the lower di- 
vision of Fig 9 and 10. The influence of 
temperature on these ratios evidently 
is nearly the same for both Monel and 
copper in each strength state. More- 
over, comparison of these curves with 
the curves in the lower division of Fig 
8 shows that the variation of the latent 
energy ratio with temperature is simi- 
lar to the variation of the intrinsic 
strength ratio. The evidence indicates 
that the E/W ratio at —188°C is 
nearly three times the ratio at room 
temperature. If the ratio curves were 
extended to a point above room tem- 
perature, the steepness probably would 
begin to decrease. Moreover, above a 
certain temperature, the latent energy 
ratio would be affected by relaxation, 
and the influence of the strain rate on 
the ratio would become prominent. 
Curves H in Fig 9 and 10 represent 
the total heat per gram atom, that is, 
the integral of the variation of the 
atomic heat with temperature. This 
will be termed ‘‘internal heat” to dis- 
tinguish it from the part of the strain 
energy that is evolved as heat. Com- 
parison of curves W and W’ with curve 
H shows that the effect of temperature 
on the strain energy, for constant in- 
trinsic strength, is qualitatively similar 
to the effect of temperature on the 
internal heat. The greater the internal 
heat, the greater is the total strain 
energy required to produce constant 
intrinsic strength, and the greater is 
the outflow of energy as heat. In the 
middle division of Fig 9 and 10, the 
total strain energy, work hardening 
energy, and latent energy are repre- 
sented as superimposed on the internal 


heat. 
Fig 11 shows the influence of tem- 


perature on the, energy relations for 


A 


a 
"4 


Wy 


ih 


~ constant strain. Curves W and W’ in 


this figure have been derived from areas 
extending to the indicated abscissas 
beneath curves Fy) and L in Fig 5 and 
7. Curves W and W’ in Fig’ tl are 
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similar in form to curves Fy) and L of 
Fig 8. This similarity would be ex- 
pected since each curve represents re- 
sults obtained with constant strain, and 
since the curves in both figures are de- 
rived from the Fo and L curves of Fig 
5 and 7. For constant plastic strain, 
therefore, the variation of the strain 
energy with temperature would be 
similar to the variation of the flow 
stress. Curves E in Fig 11 have been 
derived from the corresponding W 
curves by making the ordinate ratios 
for the two curves the same as the 
corresponding values of the latent 
energy ratio H/W, as represented by 
ordinates of the curves in the lower 
division of Fig 9 and 10. Curves FE in 
Fig 11, therefore, are similar in form 
to curves E/W in Fig 9 and 10. They 
also are similar to the curves JSR of 
variation of the intrinsic strength ratio 
(Fig 8). 

In the lower division of Fig 11, the 
total strain energy, work hardening 
energy, and latent energy for constant 
strain are represented as superimposed 
on the internal heat. The curves thus 
obtained should be compared with the 
curves representing the superimposed 
energies for constant intrinsic strength 
(Fig 8). 

The diagrams in Fig 1 to 11 present 
various pictures of the influence of tem- 
perature on the stress-strain-energy 
relationship for metals that are practi- 
cally free from structural changes or 
relaxation within the range from room 
temperature to — 188°C. 


Conclusions 


1. The mechanical state of a metal 
depends not only on the total strain, 
but also on the temperature during the 
straining. 

2. With decrease in temperature the 
total strain required to produce a con- 
stant strength state decreases, while 
the ductility of many metals increases. 
By “strength state” or “intrinsic 
strength” is meant a condition of the 
metal, a property independent of 
temperature. 

3 The mechanical state which in- 
volves both strength and ductility can- 
not be held constant by varying the 
total strain with the temperature. 

4. The influence of temperature on 
the flow stress involves two factors: (1) 
A direct temperature effect; (2), the 
influence of temperature on the rate of 
increase of intrinsic strength with 
strain. The lower the temper. ture, the 
more rapid is the increase of inirinsic 
strength with strain. 


5. The effects of the direct tempera- 
ture factor and the intrinsic strength 
factor on the flow stress should be ex- 
pressed in terms of flow-stress ratios 
rather than flow-stress differences. The 
ratio of the flow stresses for the same 
total strain at two different tempera- 
tures is the product of two flow-stress 
ratios, one representing the direct tem- 
perature factor and the other repre- 
senting the intrinsic strength ratio. 

6. Both these factors can be deter- 
mined from a set of primary flow-stress 
curves and a corresponding set of sec- 
ondary curves, each representing the 
locus of incipient-flow stresses at a 
given temperature after various plastic 
strains at room temperature. 

7. By the use of the two factors so 
obtained other (tertiary) locus curves 
can be obtained, each representing 
incipient-flow stresses at one tempera- 
ture after various plastic strains at 
another temperature, either higher or 
lower. 

8. With plastic strain the intrinsic 
strength ratio increases continuously, 
but there is not much change in the 
direct temperature factor. 

9. The variation of the total strain 
energy with temperature involves the 
same two factors that affect the flow- 
stress. By making allowance for the in- 
fluence of the direct temperature factor 
it is possible to determine the influence 
of temperature on the work-hardening 
energy. 

10. The ratio of the latent energy 
induced by plastic strain to either the 
total strain energy or the work-harden- 
ing energy increases with decrease in 
temperature. The variation of the 
latent energy ratio with temperature is 
similar to the variation of the intrinsic 
strength ratio. 

11. For constant intrinsic strength 
(constant latent energy) the variation 
of either the total strain energy or the 
work-hardening energy with tempera- 
ture is qualitatively similar to the 
variation of the internal heat per gram 
atom, the integral of the variation of 
the atomic heat with temperature. The 
greater the internal heat, the greater is 
the total strain energy necessary to 
produce constant intrinsic strength, 
and the greater is the ouflow of energy 
as heat. 
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The Thermodynamical Treatment of Very Small Solid Solubilities 


LESTER GUTTMAN* 


The question of whether classical 
thermodynamics alone imposes any 
lower limit to solid solubilities was 
raised during a discussion among 
various members} of the Institute for 
the Study of Metals. Although our 
conclusions are not new,! they may be 
worth reiterating, since confusion on 
this subject seems to persist. 

In a binary system (A,B), the condi- 
tions for equilibrium, at constant pres- 
sure and temperature, between a solid 
solution and a liquid solution are 


[la] 
[1b] 


aS = pal 
bp’ = pp! 


Here » denotes the chemical potential 
either of component A or B, as shown 
by the subscripts, and the super- 
scripts s and / refer to the solid and 
liquid solutions, respectively. These 
two conditions are just sufficient to 
determine the compositions of both 
phases. Suppose, however, that the 
solid phase is found experimentally not 
to contain any of component B; then 
we cannot evaluate uz5, which is de- 


fined by 
OF:\ 
oe ee 
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bes = 


Here na’ and nz are the number of 
mols of A and B, respectively, in the 
solid, whose free energy is FS. Eq 1b 
cannot be used, but it is no longer 
needed: we stated at the outset that 
the solid has the composition ‘pure 
A,” and only the liquid composition 
need now be determined, from Eq la. 
All the equilibrium properties of the 
system can be derived from Eq la 
rigorously and simply. Hence there is 
no purely thermodynamic reason to 
exclude phase diagrams which show 
precisely zero solid solubility. Marsh? 
has objected to such diagrams as im- 


_ plying that even the transformation of 


pure A begins at the eutectic tempera- 
ture. In any case, the user of the dia- 
gram must have a certain minimum 
knowledge of how to interpret it, and 
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it would seem simpler to remember the 
general rule that eutectic temperatures 
have no significance for pure compo- 
nents, rather than to show, say, by 
broken lines, on a scale which will often 
be exaggerated, a hypothetical solid- 
solubility about which we know only 
that it is less than a certain amount. 

The case of an intermetallic com- 
pound in equilibrium with a binary 
liquid solution does not require a sepa- 
rate treatment since nothing in the 
foregoing was dependent on the na- 
ture of the components. Therefore, 
thermodynamics alone does not exclude 
the possibility that (intermetallic) com- 
pounds may exist with compositions 
always precisely those given by their 
chemical formulas. 

With the aid of extra-thermodynamic 
methods, one may conclude that the 
solubility of one solid in another is 
never exactly zero. On the other hand, 
one would generally expect that the 
solubility will be small unless the com- 
ponents resemble one another (as do 
the metals), or form weakly-bound 
crystals. Therefore, it is useful to know 
that when there is no direct evidence 
for solid-solubility, one may neglect 
it without violating thermodynamic 
principles. 
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Kineties of the Reactions of 
Titanium with O,. N, and H, 
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EARL A. GULBRANSEN* and KENNETH F. ANDREW* 


Introduction 


In a recent communication" we have 
reported on the kinetics of the reactions 
of zirconium with Os, N» and H. asa 
function of the time, temperature and 
pressure variables. A systematic study 
was made and the results correlated 
with fundamental theories of gas-metal 
reactions. This paper will present a 
similar study for titanium. 

Titanium and zirconium are mem- 
bers of the IV group of the periodic 
table and possess many similar physi- 
cal and chemical properties as a result 
of their similar electronic configuration 
for the outer electrons. The two metals 
are relatively inert to both gas and 
liquid phase corrosion at room tem- 
perature. However, at moderate tem- 
peratures the metals become active and 
react readily with the common gases 
including O2, N2 and H» which are of 
interest in this study. 

A study of the kinetics of these gas- 
metal reactions is of interest for three 
reasons: (1) to understand the rate of 
reaction of titanium and its role in the 
behavior of high temperature alloys; 
(2) to understand the practical diffi- 
culties of the reduction, refining and 
working of titanium; and (3) to cor- 
relate the data with fundamental 
theories of gas-metal reactions and 
crystal structure predictions. 


Literature Survey 


Several review papers® and books**:* 


exist on the preparation and properties 
of titanium and its alloys. 


THE METAL 


Titanium has, at room temperature, 
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a hexagonal lattice of the zinc type. 
Hagg!® gives a value of 2.9534 for the 
(a) axis, a value of 4.729 for the (c) 
axis and a density of 4.427 at 20°C. 
Burgers and Jacobs® have observed the 
transformation of the hexagonal to the 
body-centered cubic structure at 880°C 
and have established a value of 3.31 
for the cube edge and a density of 4.31. 


TITANIUM-OXYGEN 


Carpenter and Reavell® using a pres- 
sure change method have studied the 
reaction at temperatures of 742° and 
1000°C and for a pressure of one-fifth of 
an atmosphere. The probabilities for 
reaction are calculated from kinetic 
theory and they report a value of 10~° 
for O». at 1000°C and 10-6 at 740°C. 

The titanium-oxygen system has 
been investigated by Ehrlich." Five 
phases are observed. Between (TiO» 
and TiOj;,90) an alpha-phase, consisting 
of arutile lattice, is found. A beta-phase 
is observed between (TiO:.s0 and 
TiO;.7). A gamma-phase is homo- 
geneous between (TiO:,55 and TiO. 46) 
and has a structure of the corundum 
type. The delta-phase exists between 
TiO,.o, and TiOo., and has a sodium 
chloride structure. From TiOo.42 to Ti 
the metal structure is observed. 

The surface oxide films have been 
studied by Hickman and Gulbransen.” 
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The rutile structure is observed in the 
temperature range studied, 300 to 
700°C. 

Three crystalline modifications of 
TiO» exist: rutile and anatase which 
are tetragonal and brookite which has 
an orthorhombic structure. Anatase is 
reported®* to exist in two forms: I and 
II. Anatase II changes to anatase I at 
642°C. Anatase I is stable up to 915°C 
where rutile becomes the stable modifi- 
cation. At 1300°C rutile transforms to 
brookite which melts at 1900°C. The 
monoxide, TiO, may be prepared from 
the dioxide by high temperature reduc- 
tion with carbon or magnesium. Its 
melting point is 1750°C. 


TITANIUM-NITROGEN 


Carpenter and Reavell® report that 
at 1000°C a linear rate law is observed. 
The probability of reaction is given as 
10-8 at 1000°C. Fast!? has studied the 
solubility of nitrogen and its effect on 
the mechanical properties of the metal. 

The crystal structure of TiN has 
been shown by several workers*”!:*4 to 
follow the sodium chloride structure. 
However, the calculated density is 
found to differ from the pycnometric 
value. This is studied by Brager*.* in 
detail. He has suggested that the ti- 
tanium sites in the lattice are only par- 
tially filled at low temperatures. As the 
temperature of preparation is raised 
the vacant sites become occupied 
which expands the lattice and increases 
the hardness and density. An (a) value 
of 4.224 is given for room temperature. 


TITANIUM-HYDROGEN 


The solubility and the crystal struc- 
tures observed in this system have been 
reviewed in a recent book by Smith.“ 
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‘libri Iculations on Titanium Reactions 
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Systematic studies of the adsorption 
have been made by Huber, Kirschfeld 
and Sieverts®? and by Kirschfeld and 
Sieverts?? up to temperatures of 1000°C 
and at various pressures. The results 
show the formation of two phases of 
variable composition, an alpha and a 
beta phase. Hagg?® has made an X ray - 
crystal structure investigation of this 
system. The alpha phase is found to 
have the same structure as titanium 
and is homogeneous up to 33 at. pct of 
hydrogen. The beta phase is homo- 
geneous from 50 at. pct to 66.7 and has 
a face-centered cubic structure. 


Equilibria Calculations on 
the Reactions of Titanium 
with Gases 


Titanium reacts with many of the 
common gases, with the exception of 
the inert gases, to form stable com- 
pounds. The chemical equilibria of 
these reactions may be calculated when 
the reaction products are TiO», TiN or 
TiC. Data on the free energy of forma- 
tion of the hydride are not available. 

Table I shows the reactions which 
are considered in this work together 
with the results and the literature 
references for each reaction. 

The logarithms of the gas pressure or 
pressure ratios are tabulated as a func- 
tion of the temperature in °C for the - 
several reactions. For the reaction to 
form TiC the equilibrium constant K 
is tabulated. 

The results show the following: (1) 
TiOs, TiN and TiC are stable at all 
temperatures calculated in this study 
and from a thermodynamic point of 
view titanium will remove O», N 2, CO 
and CO, at the lowest pressures used in 
modern vacuum technology; (2) the 
reaction of water and carbon dioxide to 
form the oxide and hydrogen and 
carbon monoxide respectively are pos- 
sible up to 800°C and perhaps higher in 
vacuums of the order of 10-7 mm of Hg. 
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Apparatus and Method 


BALANCE 


The vacuum microbalance and aux- 
iliary equipment used for all of the 
kinetic measurements have been de- 
scribed.15:!6 The sensitivity of the bal- 
ance is 0.86 divisions per microgram 
and the weight change can be estimated 
to 0.3 < 10-§ g. The balance zero 
point is constant and the instrument is 
insensitive to pressure and _ small 
changes in the temperature of the 
surroundings. 
VACUUM SYSTEM AND FURNACE 
TUBE 


The vacuum system and furnace 
tube have been described.!*17 The sys- 
tem is constructed of all glass and 
ceramic materials. The furnace tube is 
double walled and is made from syn- 
thetic zircon. Vacua of McLeod gauge 
pressures of 10-6 mm or lower can be 
achieved with these tubes at tempera- 
tures of 1175°C and perhaps higher. 
The difficulties associated with and 
methods for the measurement of pres- 
sure in furnace tubes at high tempera- 
tures have been considered in another 
work.17 


GAS PURIFICATION 


The purification of the oxygen, nitro- 
gen and hydrogen is the same as 
previously described.1®> The source of 
nitrogen is specially purified nitrogen 
and is obtained from our Bloomfield 
Lamp Works. A mass spectrometer 
analyses of the gases used for the 
nitriding experiments showed oxygen 
to be present to about 0.01 pet (the 
limit of the sensitivity of the mass spec- 
trometer for the gas sample and pres- 
sure used). 


Method 


The methods used have been previ- 


ously described. 14151817 


SAMPLES 


Two types of titanium samples are 
used for the measurements: commercial 
titanium of approximately 99 pct 
purity with 0.77 pct of carbon, and 
iodide titanium. Both samples were ob- 
tained from the Remington Arms Co. 
Although no detailed analysis of the 
iodide titanium is available it is proba- 
bly of a high degree of purity. A spec- 
trographic analysis of the commercial 
titanium showed impurities of silicon 
and of iron. No quantitative spectro- 
graphic information is possible for these 
impurities since standards of known 
analysis are not available. 

The specimens are cut from 15 mil 
sheets of the metal and weigh 0.6840 g. 
They have surface areas of 9 to 10 cm?. 
The specimens, unless otherwise noted, 
were abraded starting with number one 
grit and finishing with 4/0 paper. The 
last two stages of the abrading are 
carried out under purified kerosene to 
minimize formation of oxide films. 


Diseussion of Results 


HIGH VACUUM REACTION 


The reaction of titanium in high 
vacua must be carefully considered if 
the metal is to be maintained in an 
essentially film free condition. This 
problem has been discussed in a previ- 
ous paper for the case of the zirconium 
reaction.14 Titanium like zirconium 
acts as a getter for many gases at low 
pressures and elevated temperatures. 
This behavior makes the problem a 
difficult one. 

Due to the thermodynamic stability 
of TiO, it is impossible to reduce the 
oxide by hydrogen. Thus, the practical 
solution to maintaining the titanium 
in a film free condition is the use of the 
best high vacua possible. 

A number of studies show that ti- 
tanium can be heated to the reaction 
temperature without formation of 
further oxide or other films. If iodide 
titanium is heated, for example, in a 
vacuum of 10-§ mm of Hg or lower no 
weight change of any kind is observed 
until a temperature of 550°C is 
reached. Above this temperature the 
specimen loses weight and at a tem- 
perature near 1000°C the rate of 
weight loss increases rapidly. This 
behavior is quite different from that 
observed for zirconium.14 We conclude 
that titanium is not as efficient a 
getter as zirconium and that the metal 
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_ (3) the linear law 


can be heated without further film 
formation. 


REACTION WITH OXYGEN 


The reaction is studied as a function 
of the time, temperature and pressure 
and the results are presented in Fig 1, 
2, 3 and 4. The weight gain in micro- 
grams per cm? is plotted against the 
time in minutes. Assuming the ratio of 
real to measured area to be unity and 
the oxide to be TiO>s,2° the thickness of 
the film in Angstroms is 58.5 times the 
weight gain in micrograms per cm?®. A 
scale of 1000A is marked on the curves. 


Time 


Fig 1 shows the time course of two 
oxidation experiments on commercial 
and iodide titanium at 550 and 600° 
respectively. A comparison is made 
with the oxidation reaction of iodide 
zirconium at 425°C. The oxygen pres- 
sure is 7.6 cm for all experiments. The 
iodide titanium reacts at a lower rate 
than commercial titanium. The com- 
parison with zirconium shows that 
titanium is less reactive at these 
temperatures. 

The shapes of the oxidation curves 
are similar to those observed for other 
metals. A rapid reaction rate is ob- 
served in the early stages of the reac- 
tion which gradually decreases as the 
film thickens. In this sense the oxide 
film has protective properties. 


Time and Temperature 


Fig 2 shows the effect of temperature 
on the reaction over the temperature 
range of 250 to 600°C. A comparison of 
the 250°C curve with the 600°C curve 
shows a film thickness of 210A after 2 
br of reaction at 250°C and a film of 
7300A at 600°C. 

The effect of temperature on the 
reaction rate is very marked and ap- 
pears to follow an exponential law. 


Time and Temperature Equations 


Three equations have been used ex- 
tensively to explain the time variation 
of the oxidation rate. These are: 


(1) the parabolic law*?:34994° 
W= kKi+C 
(2) the logarithmic law*t 
it = B(ew/@ — 1) and 
W=kKki+C 


In the above equation W refers to the 
weight gain, ¢ the time and K’, K, C,a 
and @ are constants. 

In order to explain the temperature 
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FIG 1—Reaction of Ti and Zr with O» 7.6 cm On. 
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FIG 2—Reaction of Ti with Ox. Effect of temp. 250-600°C. 


coefficient of the reaction rate Dunn® 
has applied the Arrhenius equation to 
the parabolic rate law constant K. 
Mott** has interpreted the physical 
significance of the activation energy 
for the various types of diffusion 
process of ions and electrons through 
an oxide film. To further understand 
the significance of the temperature de- 
pendence one of the authors"*® has ap- 
plied the transition state theory’ of 
chemical reactions and diffusion proc- 
esses to the oxidation reaction. The 
parabolic rate law constant is given by 
the equation: 


page 


eae X2 eAS*/R e—E/RT 


AS* and E are the entropy and 
energy of activation, A, the interatomic 
distance between diffusional states, k 
is Boltzman’s constant and A is 
Planck’s constant. The equation is 
useful since both AS* and E can be 
calculated. AS* is the probability or 
steric factor for a given reaction. 


Time and Temperature Correlation 


Plots of the weight gain vs. the 


logarithm of the time show smooth 
curves of increasing slopes and indicate 
that the logarithmic law does not hold. 
A study of Fig 2 shows that the linear 
rate law is not applicable for the condi- 
tions studied. 

Parabolic rate law plots are made for 
all of the data. In general the data 
deviate from the straight line during 
the initial stages of the reaction. How- 
ever, good agreement is observed after 
20 min. reaction time. This type of 
deviation has been predicted by Mott.*4 


Temperature Dependence and 
Activation Energy 


The temperature coefficient of the 
reaction rate is one of the most impor- 
tant quantities to evaluate. If the re- 
action can be related to a mechanism 
it is possible to correlate the tempera- 
ture coefficient of the reaction with an 
energy of activation. For the oxidation 
of titanium it is possible to calculate 
diffusion constants and an energy and 
entropy of activation since the data can 
be fitted to the parabolic rate law dur- 
ing a large part of the reaction. 

Fig 3 shows the parabolic rate law 
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constants K in units of cm? per sec 
plotted against F These parabolic rate 
law constants vary from 2.8 10-15 
cm? per sec at 250°C to 6.27 X 10-8 at 
600°C. In terms of Angstroms of film 
thickness, the above rates correspond 
to 1.7A per sec at 250°C to about 80A 
per sec at 600°C. The slopes are evalu- 
ated for the time range of 60 to 120 
min. 

Both commercial and iodide titanium 
experiments are included in Fig 3. Each 
group appears to fit a straight line re- 


100 


lationship. The iodide titanium reacts 
at a slower rate. Below 350°C the data 
are scattered and the straight line re- 
lationship is no longer obeyed. An 
energy of activation of 26,000 cal per 
mol is calculated from the plot and the 
temperature independent factor e4S*/® 
evaluated from the expression derived 
for the parabolic rate law constant by 
the transition state theory. 

Table 2 shows the values for the 
parabolic rate law constants and diffu- 
sion constants and the entropies, ener- 
gies and free energies of activation of 
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FIG 3—Reaction of Ti with O» log K vs = 
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FIG 4—Reaction of Ti with O., Effect of pressure at 550°C, 


Table 2... 


Parabolic Rate Constants and Diffusion Constants Entropies, 
Energies and Free Energies of Activation for the Oxidation Process 


AS* 
ec K, cm? per sec | Do, cm? per sec Cal per as ad 
mol °C Cal per mol | Cal per mol | Cal per mol 
ene eetc LAT" 

350 0.190 X 10-14] 1.34 x 10-6 == 
400 0.667 X 10-4] 0:08 x 10-6] _2e°2 alec 38°100 
450 2.43 x 10-1 0.921 X 10-*| —19°0 26,000 30700 

0-4} 9.925 se) ie : P 
550 24.73 xX 10-4 =| 1/048 x io-t io Beiune aLeoe 

a 4 , . > > 
7 X 10-1 1.048 X'10-8| —19'4 26,000 42700 
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the rate determining process. The K 
values are related to thickness by the 
use of the density of the oxide and the 
stoichiometric ratio of oxygen in the 
oxide. A surface roughness ratio of 1 is 
assumed. 

The energy of activation of 26,000 
cal per mol is higher than the value 
observed for the oxidation of zir- 
conium,!4 namely 18,200. The entropies 
of activation are less negative than 
those observed for the oxidation of zir- 
conium. AS* varies from —18.0 to 
—19.1 cal per mol per °C for titanium 
oxidation while values of —23.1 to 
—25.2 are obtained for the zirconium 
reaction. 

A comparison of the reaction rate at 
400°C shows a parabolic rate constant 
K of 0.667 X 10-14 cm? per sec for the 
titanium oxidation and a K of 13.20 
x 10-14 cm? per sec for the zirconium 
reaction. Iron at the same temperature 
has a K value of 0.409 < 10-14 cm? per 
sec or roughly equivalent to the ti- 
tanium rate. 


Calculation of Diffusion Constants 


Let us assume with Wagner!’ and 
Mott** that the metal ions are diffusing 
through the oxide lattice together with 
electrons by one mechanism or another. 
If this is done we can calculate the dif- 
fusion constant K from the parabolic 
rate law constants of the expression, 
D = K/2. Thus, at 400°C, the value 
of D is calculated to be 0.334 10-14 
cm? per sec and at 600°C a value of 
3.14 X 10-!8 cm? per sec. These values 
represent the coefficient of self diffusion 
of titanium in its oxide. 

The mechanisms for self diffusion of 
titanium are as follows: (1) formation 
and diffusion of interstitial titanium 
ions and (2) formation and diffusion of 
titanium defects (absence of titanium 
ion in lattice). Calculations by Hunt- 
ington and Seitz?* have shown that for 
copper the diffusion of lattice defects is 
the more probable process. It is at 
present difficult to choose between the 
above mechanisms for titanium oxide 
since calculations have not been made 
for systems closely analogous to this 
one. However, the activation energy 
must be associated with the formation 
and diffusion of either interstitial ions 
or lattice defects. 


Pressure Effect 


The effect of pressure on the reaction 
at 550°C is shown in Fig 4. The pressure 
is varied by a factor of 100 from 7.6 cm 
to 0.76 cm of oxygen. The effect is 
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largest for the thin film range. No sim- 
ple relationship with the pressure has 
been determined. We conclude that the 
effect of pressure on the reaction rate is 
minor for the temperature and pressure 
range studied. This small effect is in 
agreement with the mechanism of 
metal ion diffusion. If oxygen atoms or 
ions diffuse through the film one might 
expect the rate to follow a square root 
function of the pressure for some pres- 
sure and temperature conditions. 


REACTION WITH NITROGEN 


The difficulties associated with the 
study of the kinetics of the nitrogen re- 
action on zirconium have been discussed 
in a previous paper.!* These difficulties 
are the prevention of the high vacuum 
reaction with oxygen, water vapor, and 
others, and the prevention of secondary 
reactions by elimination of the impuri- 
ties such as oxygen, hydrogen, and 
others in the nitrogen. 

In this section the reactions of com- 
mercial titanium with purified lamp 
grade of nitrogen are studied in detail 
as a function of time, temperature and 
pressure. 

The results are shown in Fig 5-8 and 
discussed in the following subsections. 
In all of the figures the weight gain in 
micrograms per cm? is plotted against 
the time and, where necessary, the 
temperature is given at the top of the 
graph. 


Comparison of Nitrogen Reaction on 
Titanium and Zirconium 


Fig 5 shows a comparison of the 
nitrogen reactions of the two prepara- 
tions of titanium with the correspond- 
ing reaction for zirconium. The time 
course of the reactions for the iodide 
preparations of the two metals are 
practically identical at 600°C. The 
commercial preparation of titanium 
reacts at a greater rate. A purified lamp 


grade of nitrogen is used. 


Time and Temperature 


Fig 6 shows the time course of the 


reaction of commercial titanium with 


_ pure nitrogen for several temperatures. 


The reaction rate decreases as the reac- 


tion proceeds. The effect of tempera- 
ture on the reaction rate is uniform and 


4 the rate of reaction appears to be an 
exponential function of the tempera- 


ture. At 850°C a total reaction of 158 


micrograms per cm? is found after 2 hr 
of reaction while at 550°C a total reac- 
tion of 6 micrograms per cm® Is 


observed. ae 
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The shapes of the time curves are very 
similar to what one observes for the oxi- 
dation reaction. This leads one to apply 
the parabolic rate law expression to the 
nitride data. A plot of the square of the 
weight gain shows a straight line over 
the complete thickness range and indi- 
cates that the rate law W? = Ké ex- 
plains empirically the time course of 
the reaction. It is of interest to see if 
this rate law can be placed on a reason- 
able physical basis. 

Van Liempt*® in a study of the de- 
gassing of metals has solved the diffu- 
sion equation using an approximation 
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method. The same method may be used 
for the reverse adsorption process. Van 
Liempt’s equation is Q/Qo = by) a 
where Q is the quantity of gas evolved 
or taken up at any time f¢, Qo, the origi- 
nal quantity of gas in the metal, and 
D, the diffusion coefficient. This ex- 
pression gives the parabolic rate law, 
W 
Wo 
volved in the solubility Wo and in K 
which involves the diffusion constant 


= K ~/t. The temperature is in- 


D. Since both Wo and K are tempera- 
ture dependent it is impossible until 
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FIG 5—Reaction of Ti and Zr with pure N2 600°C. 
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FIG 6—Reaction of Ti with pure N2 550-850°C. 
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FIG 7—Reaction of Ti with pure N2 log K vs. T 
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data on Wo are available to calculate 
D and the energy of activation EF al- 
though an empirical energy of activa- 
tion may be calculated. 

Table 3 shows the values of the para- 
bolic rate law constants for the tem- 
perature range of 550 to 850°C and Fig 
7 shows a logarithmic plot of the para- 


: ; 1 
bolic rate law constant against T A 


straight line is found for the tempera- 
ture range of 550 to 850°C. An empiri- 
cal energy of activation of 36,300 cal 
per mol is calculated. This can be com- 
pared to a value of 39,200 cal per mol 
obtained for the corresponding reaction 
with zirconium. This value is consider- 
ably higher than the energies of 
activation found for the oxidation proc- 
ess on most metals. 


Table 3... Parabolic Rate Law 
Constants Reaction Comm. 
Titanium with Nitrogen 


SS Leen 

k 

1 ae 

fo} ok — 
#C T°K 7 x 103 (g per cm?) 
per sec. 
550 823 i geailesy | 5.28 xX 107% 
600 873 1.1453 ROY Sx eee 
700 973 1.0276 76.183) >< UY 
1045) 1048 0.9542 EOS Om 
800 1073 0.9329 1.460 X 10-12 
850 1123 0.8904 Bi 6 Oe 
E = 36,300 cal per mol 


Pressure 


Fig 8 shows the effect of pressure on 
the time course of the nitride reaction 
at a temperature of 800°C. The pres- 
sure is varied from 7.6 cm to 0.076 cm, 
or by a factor of 100. Although the rate 
of reaction does vary with pressure the 
overall effect is small when compared 
to the predictions of the linear or square 
root law. 

The influence of pressure on the 
permeability of metals to gases has 
been discussed by Barrer! and by the 
authors in a previous paper.!4 Two 
possible permeation rate-pressure equa- 


tions have been used to explain the — 


data. These are: (1) the linear rate law 
which is based on a mechanism of ac- 
tivated diffusion without dissociation 
and (2) the square root law which is 
based on a mechanism of activated 
diffusion with dissociation. The second 
type usually accounts for the permea- 
tion of gases through metals. 

The pressure dependence of the reac- 
tion rate is not explained by either of 
the rate expressions. This indicates that 
the solubility term W, is not pressure 
dependent. A similar result is found 
for the nitrogen reaction on zirconium." 
One explanation is that a nitride film is 
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formed on the metal and that this film 
dissolves into the metal, the thickness 
of this film depending upon the rela- 
tive rates of reaction and solution. 
This nitride film is not observed by 
visual and electron diffraction studies 
after removing the nitrogen and cooling 
at room temperature. The presence of 
the nitride film prevents the gas pres- 
sure from exerting its normal effect on 
the solubility. 


REACTION WITH HYDROGEN 


The reaction is studied as a function 
of time, temperature and pressure and 
a comparison is made with the hydro- 
gen reaction on zirconium. The sta- 
bility of the reaction product is studied 
as a function of the temperature under 
high vacuum conditions. Fig 9 to 14 
show the results. The hydrogen is pre- 
pared by diffusion through a palladium 
tube after a preliminary purification. 


WT. GAIN go 
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Fig 9 shows a preliminary study of 
the reaction of commercial titanium 
with hydrogen at 2.0 cm pressure as a 
function of the temperature. The reac- 
tion appears to start at a temperature 
of about 290°C and the rate of reaction - 
increases rapidly with temperature. 
Visual and electron diffraction analyses 
of the specimen showed no evidence of 
a surface film after cooling and it is 
assumed that the hydrogen is dissolv- 
ing in the metal to form a compound or 
stable complex. The specimen loses 
weight on evacuating the hydrogen at- 
mosphere. This indicates that the reac- 
tion product is unstable to a vacuum 
of 10-§ mm of Hg at a temperature of 
400°C. This will be discussed in more 
detail later. 


Time and Temperature 


It is of interest to examine the time 
behavior of the reaction rate. Typical 


60 80 
TIME (MIN.) 


FIG 8—Reaction of Ti with pure No. Effect of pressure 800°C. 
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FIG 9—Reaction of Ti with H. and stability of hydride. 
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FIG 10—Reaction of Ti with Ho. Effect of temperature. 
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curves are shown for commercial ti- 
tanium in Fig 10 for temperatures of 
250 to 300°C. At temperatures of 250°C 


: dW. 
the reaction rate au Ss constant with 
time. At a temperature of 300°C the 


reaction rate aE increases with the 


time. Some difficulty is observed in ob- 
taining reproducible results. This may 
be due to the high sensitivity of the 
hydrogen type of reaction to impurities 
in the metal, to the presence of surface 
film, and to the lack of uniform metal 
specimens. 

The shape of the time curves indicate 
that the reaction does not obey the 
parabolic rate law which is predicted by 
the equation of van Liempt*® and dis- 
cussed on p. 745. If it is considered 


200 


that cracks and blisters are forming in 
the metal during reaction, the time 
course of the reaction cannot be ex- 
pected to follow the parabolic law. 

The 300°C curve after 2 hr of reac- 
tion shows a hydrogen uptake corre- 
sponding to the formula TiHo,:3. 
Hagg!® has shown that titanium will 
take up hydrogen to 66.7 at. pct or to 
a formula TiH, We have not at- 
temped to check this value. 

A comparison of the reactions of ti- 
tanium and zirconium with hydrogen is 
shown in Fig 11. Both the iodide and 
commercial forms of titanium react 
more rapidly than the iodide form of 


zirconium. The shapes of the curves are 
; : dw 
different in the sense that BR decreases 


with time in the zirconium reaction 
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FIG 11—Reaction of Ti and Zr with H» 300°C 2.1 cm He. 
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FIG 12—Reaction of Ti with H». Effect of pressure. 
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FIG 13—Reaction of Ti with Hz, Plot of 4 vs P?4 975°C. 


OCTOBER 1949 


and increases in the titanium reaction. 
In regard to the hydrogen reaction 
titanium appears to react more rapidly 
on a simple weight gain basis than 
zirconium. 


Temperature 


A study of the reaction with hydro- 
gen as a function of the temperature is 
necessary if the details of the reaction 
mechanism are to be worked out. How- 
ever, the data are not of sufficient 
reproducibility to give a good value for 
ihe temperature coefficient. Qualita- 
tively, very little reaction occurs at 
250°C while at 300°C a very rapid re- 
action is observed. 


Pressure 


The permeation of gases through 
metals has been summarized by Barrer! 
and discussed briefly here, under 
‘Reaction with Nitrogen.” If the reac- 
tion is limited by a process involving 
activated diffusion with dissociation of 
the hydrogen molecules the reaction 
rate may be expressed by the following: 


dWw 


oF BA bY eat 
di kp” e-/T, 


This formula predicts that at constant 
temperature the reaction rate should 
follow the expression: 


Fig 12 shows the effect of pressure on 
the reaction rate at 275°C for a pressure 
range of 6.0 cm to 0.1 cm of H». The 
reaction is very sensitive to pressure 
although the 2.2 cm experiments are in 
disagreement with each other. The 
pressure effect for the hydrogen reac- 
tion is very different from the pressure 
effect in the nitrogen reaction. 

Fig 13 shows a plot of the initial reac- 


tion rates or as a function of the 

square root of the pressure. The two 
Ww 

values of at for the 2.2 cm pressure 


are averaged and included in the plot. 
Fair agreement with the square root 
law is found. This correlation shows 
that the diffusion of hydrogen into the 
metal is mainly by atoms of hydrogen 
rather than molecules and confirms the 
square root law. 


Stability 


Fig 14 shows the stability of the hy- 
drogen complex with titanium as a 
function of temperature in a vacuum 
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FIG 14—Reaction of Ti with H. 275°C 2.2 cm He 
stability curve. 


of 10-6 mm of Hg. Hydrogen is added 
to titanium at a temperature of 275°C 
and a pressure of 2.2 cm of H». The 
reaction product is stable at 275°C in 
a vacuum of 10-* mm of Hg. The tem- 
perature is gradually raised. At a tem- 
perature of about 350°C the hydrogen 
starts to be evolved. All of the hydro- 
gen is removed from the metal if the 
heating is continued. This experiment 
confirms the results shown in Fig 9. At 
400°C in this experiment the hydrogen 
is evolved at an appreciable rate. A 
comparison may be made with the 
stability of the zirconium-hydrogen 
reaction product.'4 In that case hydro- 
gen started to be evolved at a tempera- 
ture of about 435°C. This indicates 
that the titanium-hydrogen complex is 
less stable than the corresponding zir- 
conium-hydrogen complex. 


Conclusions 


A study of the thermodynamic 
equilibria of the several gas phase 
reactions of titanium with oxygen, 
nitrogen, water vapor, carbon monox- 
ide and carbon dioxide show the follow- 
ing results: (1) TiO, TiN and TiC are 
stable at all temperatures up to the 


transition temperature calculated in — 


this study; (2) from a thermodynamic 
point of view titanium will remove O,, 
No», CO and CO; at the lowest pressures 
used in high vacuum technique; and 
(3) the reactions of water and carbon 
dioxide to form the oxide and hydrogen 
and carbon monoxide respectively are 
possible up to 800°C and perhaps 
higher in vacuums of the order of 10-7 
mm of Hg. 

The oxidation reaction follows a 
modified parabolic rate law. An energy 
of activation of 26,000 cal per mol is 
calculated from the temperature de- 
pendence of the parabolic rate law 


748 . . . Metals Transactions, Vol. 185 


constants. Diffusion coefficients and 
entropies of activation for the reaction 
process are calculated. The oxygen 
reaction is found to be insensitive to 
pressure. 

The nitrogen reaction is of special 
interest. The time course of the reac- 
tion can be fitted empirically to a 
parabolic rate law. The temperature 
dependence of the parabolic rate law 
constants is used to calculate an em- 
pirical energy of activation of 36,300 
cal per mol. The effect of pressure is 
small. The nature of the reaction is be- 
lieved to be one involving the solution 
of nitride into the metal under the 
conditions of a nitride film present on 
the surface. The nitride is found to be 
stable to temperatures of at least 
900°C. 

The reaction with hydrogen obeys 
the square root of pressure law. In con- 
trast to the nitrogen reaction a film is 
not formed during the reaction and it 
is shown that hydrogen is probably 
diffusing into the titanium lattice as 
atoms. The hydrogen reaction product 
is stable in a vacuum of 107° mm of 
Hg to a temperature of about 350°C. 
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The interstitial phases formed by 
the transition elements with carbon, 
nitrogen and boron constitute a unique 
class of substances which are of con- 
siderable technical interest because of 
their well developed metallic properties 
and their high hardness and melting 
points. They are also of interest from 
the point of view of structure. 

It was pointed out by Hagg' some 
years ago that the principal factor 
determining these structures was the 
relative sizes of metal and metalloid 
atoms. He predicted that if the ratio 
of the radii of metalloid to metal atoms 
was less than 0.59, the metal atoms 
would be arranged in a close-packed 
fashion of relatively simple type. This 
prediction has been amply confirmed. 
It appears, however, that this specifi- 
cation applies most generally to those 
structures in which the metalloid 
atoms occupy isolated positions in the 
lattice and there is no tendency for 
strong binding between the metalloid 
atoms themselves. The series of borides 

of the type MeB, formed from the 
transition elements of the fourth 
(Ti, Zr) and fifth (V, Cb, Ta) groups 
of the periodic table provide an oppor- 
tunity to investigate this situation 
further. If one takes as a basis the 
radius of 0.87 A for the boron radius 
and the Goldschmidt values for the 
metal atoms in 12 coordination, then 
the radius ratio varies from 0.54 for 
zirconium to 0.64 for vanadium, which 
latter is considerably greater than 
 Hagg’s limit of 0.59. It was of interest, 
therefore, to see if these five elements 
would form borides of the MeB, 
type and have simple isomorphous 
structures. ee 
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When this investigation was initi- 
ated, relatively little information had 
been published on the structure of this 
group of borides. McKenna? reported 
the preparation of ZrB, by a carbon 
reduction process. Its structure was 
hexagonal and the approximate lattice 
constants were given as a = 3.15 A, 
c = 3.53 A. Ehrlich? reported the 
structure of TiB, as being of the C 32 
type with a = 3.02, c= 3.21 and 
c/a — 1.06 A. Recently, Kiessling* 
published the results on ZrB2, showing 
it to be one in which the metal atoms 
are arranged in a simple hexagonal lat- 
tice with the boron atoms in flat 
sheets, midway between the layers of 
metal atoms. The structure is C 32 
type with a = 3.169, c = 3.530 and an 
axial ratio = 1.11 A. He also states 
that CbB, and TaB» are isomorphous 
with ZrB». 


Preparation of Borides 


The borides of titanium, zirconium, 
columbium and tantalum were made by 
the electrolysis of fused salt baths after 
the method described by Andrieux.’ 
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The bath, totalling about 6500 g in 
each case had the following general 
composition: Metal Oxide + B20; + 
CaO + CaF.. The actual proportions 
of the ingredients were determined for 
each individual case. 

Although Andrieux reports the prep- 
aration of vanadium boride by the 
same electrolytic method, several at- 
tempts proved unsuccessful. However, 
it was possible to prepare VB» by the 
carbon reduction method used by 
McKenna to produce ZrB2. The mix- 
ture consisted of V2.0; + 6B.0; + 11C 
and the reduction was carried out in an 
induction heated graphite crucible. 
This method proved satisfactory for 
ZrB, and TiB, and undoubtedly the 
others could be made in the same way. 

The borides, which were all in the 
form of fine gray metallic crystals from 
the electrolytic bath or gray powders 
from the reduction process, were care- 
fully separated from other constituents 
and analyzed chemically for metal and 
boron content. The densities of the 
boride powders were measured using a 
standard 10 cc pycnometer at 18°C and 
ethyl benzene proved to be the most 
satisfactory liquid for this purpose. 


X Ray Technique 


The boride crystals, as prepared, 
were too small for single crystal ex- 
amination so that powder techniques 
were employed. Patterns of the finely 
ground borides were prepared, using 
the Norelco recording X ray spec- 
trometer. The lines on these patterns 
were indexed with the aid of Hull-Davy 
charts and the approximate dimensions 
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FIG 1—The unit cell of MeB, (C 32 type). 


The open circles are metal atoms and the 


shaded circles are boron. 


of the unit cell obtained. Patterns were 
also made on the Phragmen focussing 
camera covering the angular range from 
50 to 85°. It was found possible to 
index these lines readily and the cell 
constants were calculated more accu- 
rately. In order to prove the assumed 
structure, the density was calculated 
from the X ray data and compared 
with the measured density. Also, the 
diffraction line intensities were calcu- 
lated and compared with those meas- 
ured from the spectrometer records. 

All lattice dimensions are reported in 
true Angstrom units and are con- 
sidered correct within +0.002 A. 
Copper K alpha radiation was used 
throughout and the wavelengths used 
in the calculations were: 


ot = 1.54050 A 
a, = 1.54434 A 


In calculating densities, the expres- 
sion 


ZA 
p = 1.66020 aie 


was used, where 
p = density 

ZA = sum of at. wt of atomsin unit cell 
V = volume of unit cell in A? 


Results 


The borides of titanium and zir- 
conium proved to be quite pure, possi- 
bly because there was a considerable 
background of experience in their 
preparation and they were made in 
considerable quantities. The other 
three borides were somewhat less pure 
as indicated by a few faint extra lines 
in the diffraction patterns and by the 
chemical analysis. These impurities 
consisted of graphite and constituents 
of the electrolytic bath and it was diffi- 
cult to make a complete separation. 
The diffraction lines of ZrB,, TiB, and 
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FIG 2—Sheets of metal atoms (A) and 
boron atoms (B) in the MeB, crystal. 


In each case the unit cell is outlined. 


Table 1... Chemical Composition 
of Borides, Wt Pct 


Theoretical for 
eBe 


By Analysis 
Sub- 
stance 


2... Lattice Constants and 
Density of Borides 


3.228 


. 5 1.064 
VB2 | 2.998 | 3.057 | 1.020] 5.10] 4.61 


VB, were sharp but those of CbB, and 
TaB2 were somewhat diffuse. Further 
work is necessary in order to decide 
whether or not this is an indication of 
a range of homogeneity. 

The chemical analyses given in Table 
1 show clearly, however, that the 
borides correspond to the formula 
MeB:. The X ray diffraction data for 
all five borides is in complete agreement 
with a structure in which the metal 
atoms are arranged in a simple hexag- 
onal lattice having an axial ratio 
slightly greater than unity. The lattice 
constants decrease with decreasing 
atom size and the axial ratio also de- 
creases slightly. The lattice constants 
and densities are given in Table 2. 
The structure, therefore, corresponds 
to space group D!,, — C6/mmm with 
metal atoms at O, O, O; and boron 


atoms at 14, 24, 14; and 24, %, 4. This 
is in agreement with Kiessling’s results 
and shows that the five borides are 
indeed isomorphous. 


Discussion of Results 


From the structure as shown in Fig 1 
it will be seen that the fundamental 
unit is a triangular prism of metal 
atoms with a boron atom at the center 
and that the prisms are packed to- 
gether so as to share faces. From an- 
other point of view, the metal atoms 
are arranged in layers, parallel to the 
basal plane with the atoms in each 
layer having a close-packed arrange- 
ment, each metal atom with six equi- 
distant neighbors in the plane and two 
neighbors, above and below, at slightly 
greater distance. The boron atoms are 
also arranged in flat sheets midway be- 
tween the metal atom layers and each 
boron atom has three close neighbors. 
This is indicated in Fig 2. It thus ap- 
pears that there would be strong boron- 
boron binding in such a structure. 

From the point of view of close- 
packed interstitial structures, it is of 
interest to observe how the lattice 
dimensions change with metal atom 


Table 3... . Calculated Lattice 


. . . 2 
Dimensions in A 
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size and these values, given in Table 3, 
afford some basis for speculation. All 
of these dimensions decrease with de- 
creasing metal atom size. Perhaps it is 
simplest to consider the two extreme 
cases. In ZrBo, the distance of closest 
approach (D.C.A.) of the metal atoms 
in the metal atom sheet is the same as 
is the case in metallic zirconium. The 
hole in which the boron atom is placed 
is limited in size both by the neighbor- 
ing boron atoms and by the metal 
atoms. This hole is larger than the nor- 
mal boron radius of 0.87 A but it 
appears that the boron atom must fill 
it, first because this is generally true in 
interstitial phases and secondly be- 
cause the separation of the metal atom 
sheets is considerably greater than 
would be expected from the metal 
atoms alone. A boron radius of about 
0.92 A is consistent with this structure. 
The metal atoms are in contact with 
one another in the sheet and the boron 


_ atoms are in contact with one another 


and with their metal neighbors giving 
a close packed arrangement. 

On the other hand, in VB, the 
D.C.A. of the vanadium atoms in the 
metal sheet is considerably greater than 
in vanadium metal. If the metal sheet 
is close packed, the boron hole is 
limited by the metal atoms to a radius 
of about 0.81 A which probably is too 
small. If the vanadium atoms are not 
closely packed and have the same size 
as in the metal, then the boron hole is 
limited to a radius of 0.87 A by the 
boron neighbors and by the metal 
neighbors to about 0.91 A. Thus it 
seems again as if the boron atoms are 
essentially in contact with both metal 


_and boron neighbors but that the pack- 


ing in the metal sheets has been 
loosened and as a result, the separation 


of the metal sheets has decreased. 


Kiessling has reported that CrB» is 
isomorphous with the borides discussed 


here and it would be very interesting 


to know the lattice constants, for 
chromium is considerably smaller than 


-yanadium and the radius ratio is 0.68. 


The results show that there is no 


2 discontinuity in the series as the critical 
value of 0.59 for the radius ratio is 
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Table 4... Electrical and Thermal 


Properties of Borides 


Thermal 
Electrical Conduc- i! 
Sub- Resistivi ty Cc WRU Ww iedemann- 
stance| Microhm- Jal per Cm Franz 
enn per Sec °C | Ratio X 108 
at 200°C 
Avg 
ZrBe 38.8 0.0550 213 
TiB: 28.4 0.0624 179 


exceeded and emphasizes the fact that 
this limiting value should be considered 
specific only for phases in which the 
metalloid atoms are in isolated posi- 
tions. That the radius ratio is not the 
only factor controlling structure is 
shown by the fact that tungsten and 
molybdenum, as shown by Kiessling,® 
do not form borides which are iso- 
morphous with the series discussed here 
although the radius ratio has a value 
of 0.62. A similar situation exists in the 
monocarbides. 

In view of the apparent boron to 
boron binding, it might be expected 
that the borides would be less metallic 
than, for instance, the carbides. How- 
ever, this does not appear to be the 
case. Electrical and thermal conduc- 
tivity measurements were made on 
ZrB, and TiB, in the form of bars 
sintered without binder to about 85 
pet of theoretical density. The values 
are given in Table 4. It will be ob- 
served that the properties are excellent 
and in fact compare favorably with the 
pure metals themselves. Also, the 
Wiedemann-Franz ratio is quite nor- 
mal. This indicates that normal metallic 
linkages predominate. When sufficient 
quantities of the other pure borides are 
available, these experiments will be 
extended. 

Another interesting aspect of the 
borides is the possibility of metal atom 
replacement to form solid solutions. On 
the basis of limited experiments on the 
series ZrB.-TiB» it appears that a con- 
tinuous series of solid solutions can be 
formed, when the borides are mixed 
and heated together and that the lat- 
tice constants deviate only slightly in a 
negative direction from Vegard’s Law. 
These experiments are also being 
extended. 


Summary 


1. The borides of Ti, Zr, V, Cb and 
Ta corresponding to the formula MeB, 
have isomorphous crystal structures 
with the metal atoms arranged in a 
simple hexagonal lattice having an 
axial ratio slightly greater than unity. 

2. The structure is of the C 32 type, 
Space group D!,, —C6 mmm, with 
metal atoms at O, O, O and boron 
atoms at 14, 24, 14 and 44, 14, ls. 

3. The unit cell contains one mole- 
cule of MeB». 

4. This structure corresponds to 
alternate layers of metal and boron 
atoms, parallel to the basal plane of the 
lattice. 

5. As the metal atom size increases, 
both a and ¢ dimensions of the lattice 
increase and the axial ratio also in- 
creases slightly. 

6. The borides have well developed 
metallic properties. 
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Introduction 


Knowledge of the diffusivity of car- 
bon in the low temperature form of iron 
(alpha iron existing below 910°C) is at 
the moment of considerable interest in 
the study of the decomposition of 
austenite and martensite, the elastic 
after-effect,!:2,3 the magnetic after-ef- 
fect! and the decarburization of steel 
below 910°C. Information on the solu- 
bility of carbon in iron, and to a lesser 
extent its diffusion, is also important 
in consideration of such phenomena 
as blue-brittleness, temper-brittleness, 
‘‘magnetic’’ aging, quench-aging, 
strain-aging, and possibly the yield 
point. In order to obtain more informa- 
tion on these subjects more funda- 
mental knowledge is necessary. It is the 
purpose of this work to present data on 
the diffusion and solubility of carbon 
in the alpha iron. 

The high temperature form of iron 
(gamma; face-centered cubic) existing 
above 910°C is capable of dissolving 
relatively large amounts of carbon, up 
to 1.7 pet at 1130°C, while the low 
temperature form (alpha, body-cen- 
tered cubic) existing below 910° dis- 
solves only a limited maximum amount 


of less than 0.02 pct carbon at 725°C, : 


according to data obtained here. Since 
the solubility of carbon in the face- 
centered or gamma iron is large, rela- 
tively speaking, no great analytical 
difficulties have been encountered in 
the determination of the solubility 
lines’ or of the diffusion of carbon.® 
The limited solubility of carbon in 
alpha iron offers difficulties because 
experimental procedures and analyti- 
cal methods for low carbon contents 
below say 0.01 pct have to be more 
refined than techniques used for work 
with gamma iron. Because of the diffi- 
culties of applying conventional meth- 
ods to the determination of the diffusion 
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of carbon in alpha iron, virtually no 
work has been done on this subject. 
However, by proper refinement of the 
analytical method for small amounts of 
carbon, the determination of the diffu- 
sion coefficient can be made readily 
using modified procedures. 

The solubility of carbon in alpha iron 
has been determined over a tempera- 
ture range by various investigators, but 
the agreement among them is poor. The 
present investigation establishes the 
limits quite accurately. Information of 
this kind is useful in establishing the 
correctness of equilibrium diagrams 
but, more significantly, such informa- 
tion on maximum solubilities, espe- 
cially when extended to alloyed ferrites, 
should be extremely important in the 
study of aging and related phenomena. 


Literature 


The literature existing on the dif- 
fusion, in particular, and on the solu- 
bility of carbon in alpha iron is not 
extensive. The data which exist are not 
of a high order of accuracy, much of 
them being in the realm of conjecture. 


THE DIFFUSION OF CARBON IN 
ALPHA TRON 


Whiteley’ made the qualitative ob- 
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servation, using metallographic tech- 
niques, that the rate of diffusion of 
carbon at the A, (725°C) point was 
very rapid and that its diffusion was 
still rapid at 550°C. 

Snoek,‘ studying the magnetic after- 
effect in high purity iron, arrived at the 
conclusion that the after-effect could 
be explained by the presence of small 
amounts of carbon diffusing under the 
influence of magnetostrictive strain 
(lattice distortion due to magnetic 
interaction). 

In later work, Snoek® made an esti- 
mate of the ratio of carbon diffusion in 
alpha to its diffusion in gamma iron, 
and concluded that for a temperature 
of 910°C the ratio of D./D, was 2600. 
Polder,’ basing his calculations of D 
on relaxation phenomena in the elastic 
after-effect, estimated that D, is about 
1g of Dy, at 910°C (1183°K) and is 
about ky. of D, at 727°C (1000°K). 
Polder’s equation for the diffusion of 
carbon in alpha iron was calculated to 
be 

18000 
D = 5.2 X 10-*e — RT 


Ham!° obtained data for the diffu- 
sion and solid solubility of carbon in 
alpha iron at two temperatures by 
using one technique similar to that 
employed in this study. He found a D 
of 8.0 X 10-7 cm? per sec at 702°C and 
of 2.7 X 10-7 at 648°C. 


cm? per sec 


THE SOLUBILITY OF CARBON IN 
ALPHA IRON 


Although pearlite is absent in steels 
containing 0.06 pct,!! 0.05 pct,!? or 
0.045 pet C,!8 it appears that the car- 
bon in these steels cannot be in solution 
in ferrite. The solubility of carbon at 
the A, (725°C) point was first deter- 
mined by Scott! on the basis of cooling 
curves, and was found to be between 
0.03 and 0.04 pet C. 

Tamura! by interpolating between 
the solubility of carbon in delta iron at 
1400°C and in alpha at room tem- 
perature (assuming zero solubility) ar- 
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rived at a solubility of carbon in alpha 
iron of 0.034 pet at 720°C. Whiteley? 
using the Eggertz (colorometric) test 
and metallography placed the limit of 
solid solubility at about 0.03 pct at 
720°C. Koster!® on the basis of the 
Eggertz (colorometric) test placed the 
maximum solubility of carbon in 
alpha iron at 0.04 pct at the A, and 
gave the variation of carbon solubility 
with temperature. 

Dickie,’ using electrical resistivity 
measurements, made estimates of the 
solid solubility of carbon in Armco iron 
and several alloy steels by measuring 
the change in resistivity between the 
quenched and tempered states. Assum- 
ing a change of one microohm-centi- 
meter being equivalent to 0.053 pct 
carbon, a calculation from his data 
gives the following solubility in Armco 
iron: 500°C, 0.008 pet; 625°C, 0.0172 
pet; 710°C, 0.0194 pet; 750°C, 0.0199 
pet and at 850°, 0.0204 pct. 

Whiteley!® on the basis of metal- 
lographic work on Armco iron, pure 
iron, and electrolytic iron, concluded 
that the solubility of carbon was rela- 
tively constant to about 550°C, and 
then increased to the Ai. The line con- 
necting the A; and Ax, he suggested, 
should be convex and gave one point 
(0.02 pet C at 870°C) to support this 
idea. 

Smith,!? using a carburizing tech- 
nique, arrived at the solid solubility of 
0.02 pet at 750°C and 0.0128 pct at 
800°C. The unpublished work of Ham’? 
has been mentioned; he found a solu- 
bility of 0.0185 pct at 702°C and 0.011 
pet at 648°C. 

In a recent work, Pennington”? using 
a decarburizing technique, arrived at 
- values of solid solubility of 0.025 pct 
C at 760°C, 0.02 pct at 790°C and 0.014 
pet at 815°C. 

Dijkstra," making internal friction 
measurements on high purity iron, ar- 
- rived at the following set of solubilities 
at the indicated temperatures: 


250 


400 
0.001 | 0.002 


Ziegler?? indicates that the presence 
of oxygen decreases the solubility of 
carbon. 


- MAGNITUDE OF THE A AND Q 

- VALUES IN THE DIFFUSION 

_ EQUATION 

A knowledge of the magnitude of 
the frequency factor, A, in cm? per sec 


and the activation energy, Q, in gram- 


eal per gram-atom, are of importance 
_in the study of variation of the diffusion 
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450 
0.003 


coefficient with temperature. 

Estimates of the Q values for the 
diffusion of carbon, other than those 
mentioned by Snoek® and _ Polder,!® 
have been made. On the basis of 
spheroidization rates of cementite in 
pearlite Bailey®* assigned a value to Q 
of 66,000 but this is more likely the 
heat of activation for spheroidization 
than for the diffusion of carbon. 
Richter?*,?° found an activation energy 
Q of about 20,000 in his work on 
the magnetic and elastic after-effects; 
Snoek‘ attributed his activation energy 
to the diffusion of carbon. 

Ham?® by actual, though limited, 
experiments found A and Q values of 
165 cm? per sec and 37,000 gram-cal 
per gram-atom, respectively. 


Experimental 


Two methods were used in determin- 
ing the diffusion of carbon in alpha iron. 
The first or Van Orstrand-Dewey”® 
method consisted of diffusing carbon 
from a saturated “well” into an essen- 
tially carbon-free sample. The other or 
Grube?’ method consisted of diffusing 
carbon from a higher carbon to a lower 
carbon sample with both materials 
being in the entirely ferritic phase. 
Both methods are indicated schemati- 
cally in Fig 1. 


THE VAN ORSTRAND-DEWEY 
METHOD 


The Van Orstrand-Dewey method 
can be used successfully to determine 
the diffusion coefficient below 725°C in 
the following manner (above 725°C 
this method no longer applies for rea- 
sons cited): 

Two cylinders, one of high carbon 
corresponding to a composition close 
to the eutectoid, and the other essen- 
tially carbon-free, were welded together 
into what is called a diffusion couple. 


600 
0.01 


650 
0.012 


700 
0.016 


710 
0.02 


550 
0.007 


500 
0.004 


This diffusion couple is then annealed 
to diffuse the carbon across the weld or 
interface. After the diffusion an- 
neal, the distribution of carbon with 
respect to the interface is deter- 
mined, the concentration-penetration 
curve is plotted, and the curve is 
analyzed mathematically for the diffu- 
sion coefficient. 

Below a temperature of 725°C, the 
high carbon side of the couple corre- 
sponds metallographically to fine pearl- 
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FIG 1—Schematic representation of pene- 
tration curves from which the diffusion 
coefficient is calculated. 


ite in which the carbon is available in 
large concentration in carbides and 
which can be rapidly transmitted to the 
diffusion interface due to the high rate 
of diffusion of carbon in the ferrite 
lamallae. This diffusion of carbon, as 
shall be seen subsequently, is of the 
order of a hundred times faster in 
ferrite than it is in austenite. In this 
case the solution of the diffusion 
equation is assumed to apply because 
the carbon-rich side behaves as if the 
carbon concentration on that side of 
the couple were constant. 

Above 725°C the Van Orstrand- 
Dewey solution cannot be applied be- 
cause the carbon concentration on the 
high carbon side is not constant. Actu- 
ally the diffusion of carbon in austenite 
is considerably slower than that in alpha 
iron and hence the carbon is depleted 
from the austenite at the interface 
giving rise to a gradient; also the posi- 
tion of the interface probably changes. 
For these reasons the boundary con- 
ditions which satisfy the differen- 
tial equation applicable to the Van 
Orstrand-Dewey no longer apply. 


THE GRUBE METHOD 


This method, used so frequently in 
diffusion studies, depends on the dif- 
fusion of solute atoms in high concen- 
tration across an interface into a sample 
of lower concentration. In the present 
case one depends upon the diffusion of 
carbon from a_ high-carbon ferrite, 
(‘“‘high” being used advisedly since 
the maximum carbon is about 0.02 pet 
at 725°C decreasing above and below 
this temperature) into a carbon-free 
ferrite. If the carbon in the high-carbon 
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ferrite is purposely kept lower than the 
maximum solubility the diffusion can 
be checked above (this is an important 
advantage) and below 725°C. 


SOLUBILITY OF CARBON IN ALPHA 
IRON 


Information on solubility of carbon 
in alpha iron can be obtained by the 
Van Orstrand-Dewey method. As soon 
as the diffusion couple is annealed, 
there begins to be released at the inter- 
face from the high-carbon sample into 
the carbon-free sample a small amount 
of carbon which is assumed to be a 
measure of the carbon solubility at 
the diffusion temperature. This assump- 
tion appears to be valid. Apriori, it 
would seem that the carbon from a 
saturated ‘‘well” of carbon in iron 
should be released into a carbon-free 
ferrite at a concentration corresponding 
to its solubility limit, certainly at and 
below 725°C. Above that temperature 
the saturated “‘well’’ does not exist. A 
similar situation exists in the case of 
the diffusion of zinc in alpha-brass;”* 
it has been shown that as zinc diffuses 
from a-brass into copper, it forms 
B-brass and at the a-§ interface the 
zinc concentration is that correspond- 
ing to the limit of solid solubility given 
in the Cu-Zn diagram; for example, at 
655°C the zinc released to the copper is 
36.5 pet. 

The solubility of carbon in alpha iron 
above 725°C can be studied by a de- 
carburization method. In an early 
work Pennington?’ makes the state- 
ment that no carbon concentration 
gradient could be found in ferrite 
layers formed on the surface of 0.85 
pet C steel decarburized between 725 
and 910°C. This did not appear proba- 
ble to the author who felt that a carbon 
gradient from zero at the immediate 
surface to the limit of solid solubility 
at the decarburization temperature 
must exist in the ferrite layer. If this 
were not the case one would have to 
look for another mechanism of de- 
carburization.*° The assumed lack of a 
gradient through the ferrite layer ap- 
peared to offer to Pennington a method 
of determining the solid solubility of 
carbon in ferrite. One could determine 
the solubility by analyzing the ferrite 
layer formed on decarburization as- 
suming, of course, that the ferrite 
is saturated with carbon. Recently 
Pennington” used this method to 
determine the solubility at several 
temperatures. 

Decarburization experiments were 
conducted to check Pennington’s idea 
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Table 1... Materials Used for Specimens 


Mate. Cc Oo* | Si | Al Cu | Mn Ss P Others Remarks 
ria 
I 0. 003-0. 0004/0. 029/0.25 |0.012/0.007/0.014)0.008)0 002 aN with Si and 
2 0.013/0.01 |0.092|0.009/0. 003/0.009/0. 002 _ | Deoxidized with Al 
3 fe 008 0.055/0.006|0. 005/0. 008/0.005/0.001/0.002| 0.048 Ni Deoxidized with Al 
4 |0.001 0. 038/0.007/0. 006|0.003/0.013|0.006/0.001} 0.38 Co | Vacuum melted; no de- 
; . oxidation — : 
5 |0.006 0.03 |0.21 |0.010)0.007 0.008)0.002 eee with Si and 
6 |0.001 0.041/0.005 0.005|}0.001 oe melted; no deoxida- 
ion 
7 10.0044 0.030/0.007/0.008 0.006)0.002 aire mee with Si and 
8 |0.68 0.011/0.15 | * 0.010|0.002 Deoxidized with Si 
9 |0.0054 0.004/0.009 0.023/0.008/0.001 Deoxidized with Al : 
10 +|0.001 0.004/)0.001 0.011/0.005|0.002 Ade Melted: no deoxi- 
ation 
11 0.43 0.06 0007/0. 002 Deoxidized with CaSi 
12 |0.0081 0.004/0.004/0.007/0.001 ao melted; no deoxida- 
ion 


* Oxygen determined by the vacuum fusion method. 


and it was found that if a high carbon 
alloy were decarburized and quenched 
from the decarburization temperature 
a carbon gradient in the ferrite layer 
existed. Even if the sample is slowly 
(furnace) cooled the carbon does not 
redistribute itself to give a uniform 
carbon distribution throughout the 
ferrite layer. The possibility exists that 
Pennington’s analytical methods were 
not sensitive enough. His assumption 
that the carbon content of the ferrite 
layer should be a measure of the solid 
solubility cannot be considered valid. 
In the experiments performed by the 
author the limit of solid solubility by 
the decarburization method is the car- 
bon concentration existing at the 
intersection of the decarburization 
curve in the ferrite with the carbon 
concentration in the austenitic region. 
Typical decarburization curves are 
given under Results. 


COMPOSITION OF MATERIALS 


Several materials were used for the 
diffusion and solubility studies. The 
basic material was electrolytic iron. 

Ingots 12-15 lb were melted in an 
induction furnace and were either un- 
deoxidized or deoxidized with silicon 
or aluminum or both. The high carbon 
materials for diffusion and decarbu- 
rization were prepared by the addition 
of graphite to a silicon-killed melt. 
The materials were deoxidized for 
two reasons. One was that according 
to Ziegler? the carbon solubility 
was affected by oxygen in solution 
and the other was that an aluminum 
addition was desirable to prevent 
grain growth. Several series of ingots 
were prepared, analyzed, and the 
desired composition was then selected 
for samples. Analysis was carried 
out on drillings taken from the 


top and bottom of the ingots. When 
desirable compositions were found, 
the ingots were homogenized by heat- 
ing to 950°C, holding about 15 hr and 
furnace cooling. The ingots were then 
forged at 850-900°C to one inch 
rounds. Sections of the rounds were 
analyzed at about one foot lengths and 
if the carbon contents of the ends of 
the round were in agreement, the sec- 
tion was used for samples. Table 1 
gives the analysis of the materials 
used. 

The possible effect of nitrogen on the 
diffusion of carbon was not investi- 
gated. The nitrogen content of sample 
1, which was used extensively for the 
diffusion study, was 0.004 pct. 


PREPARATION OF SPECIMENS 


Cylinders of the various materials 
were machined, from forgings, to one- 
inch lengths and 0.75 in. diam and the 
ends were ground on a_ precision 
grinder. 

Prior to the welding of the cylinders 
one of the faces of each was ground on 
several grades of metallographic paper 
finishing with 3/0. The cylinders were 
then welded on a welding machine in a 
hydrogen atmosphere, using 1500 lb 
load and 50 pulses of current (9000 
amp). The welding conditions were 
kept as constant as possible to give 
identical samples. The region of the 
weld interface was probably heated to 
about 1000°C. 

After the cylinders were welded they 
were cooled in hydrogen till black and 
were removed and quenched in water. 
The first couple welded by this pro- 
cedure was tested for sufficiency of the 
weld. The one end of the sample was 
placed in a large vise and the other end 
was struck with a sledge hammer. The 
sample did not break but merely bent 
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FIG 2—Diffusion weld between high-carbon and carbon-free iron. 
Magnification X 100. Nital etch. Reduced one-half in reproduction. 
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FIG 3—Diffusion weld between ferrite of different carbon contents. 
(Left) 0.009 pet C and (right) 0.001 pet C. Magnification X 100. Nital etch. Reduced one-half in 


reproduction. 


under the strokes. This indicated that 
the fusion was satisfactory. Examina- 
tion of the weld zone was also made 
microscopically. Fig 2 shows the zone 
and the region near it in a high and low 
carbon sample; Fig 3 shows the zone 
and the region near it in a sample en- 
tirely in the ferritic state. 

A variation in the preparation of the 
diffusion sample was carried out in the 
following manner: A small cylinder of 
high carbon (0.75 in. diam by 0.25 in.) 
was placed between two low carbon 
cylinders (0.75 in. diam by 0.875 in. 
long) and the three pieces were welded 
together in sandwich fashion. Such 
specimens (called double couples) were 
used when comparisons on grain size 
and oxygen were desired. Fig 4 shows 
a macrograph of a double couple. It 
illustrates how the grain size of the 
material changes, depending on the 
composition, when the couples are 
welded. There is, in the case of un- 
deoxidized samples (No. 4 and 6), a 
pronounced coarsening of the grain 
structure; very large elongated grains 
are formed. In the case of deoxidized 

-samples (No. 2 and 3), there may be 


OCTOBER 1949 


little change in structure and sometimes 
even a definite refinement. 

Specimens for decarburization were 
in the form of spools because it was 
desirable to have the decarburizing 
atmosphere (moist hydrogen) bathe 
the entire reduced section. The spools 
were 114 in. long; the ends of the 
spools were 1 in. in diam and }¢ in. 
wide and the central portion was 0.75 
in. in diam and 1 in. long. 


THE DIFFUSION ANNEAL 


Since this study involves changes in 
carbon of low concentration, the dif- 
fusion anneals were carried out in a 
vacuum because it was felt that risks 
should not be taken with gases such as 
hydrogen, nitrogen, helium or argon 
which might be decarburizing in the 
presence of small amounts of oxygen 
or moisture. 

A quartz tube vacuum furnace was 
used. The furnace was made so that it 
could slide over the quartz tube. In 
this way a vacuum could be obtained 
while the furnace was being brought to 
temperature. When the desired vacuum 


FIG 4—Grain structures in the diffusion 


specimens. 
(Top) Deoxidized Iron. Sample No. 2. 
(Middle) High carbon sample 0.68 pct C. 
(Bottom) Undeoxidized iron. Sample No. 6. 
(Magnification X_5). 
Reduced one-third in reproduction. 


was obtained, the preheated furnace 
was pulled over the quartz tube. When 
the anneal was completed, the furnace 
was pulled away from the quartz tube. 

The vacuum system consisted of a 
Cenco Hyper-Vac pump in series with 
two mercury pumps. A liquid nitrogen 
trap was placed between the mechani- 
cal and mercury pumps. Pressures were 
measured with thermocouple and ioni- 
zation gauges. Even with the furnace 
heated to 700 or 800°C the pressures 
were of the order of 5 X 10-> mm of 
Hg. 

The furnace was wound in three sec- 
tions with nichrome wire and resistors 
were inserted between the sections to 
improve the temperature distribution. 
An arrangement was worked out so 
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Table 2. . . Details of the Diffusion and Decarburization Anneals 


Temperature °C Annealing Time High Carbon Cylinder Low Carbon Cylinder 
Experi- Method é ; 
nt Standard Vari- Grain Grain Sine 
Pas Average Deviation oe Hours Seconds No 0} Sizet No Cc rain t 
o iT 
2 5 ig 3 “uf 0.0044 4to5 
- 514. 2.0 +153 134.8 4.85 & 105 8 0.68 See Fig 
> | Viol: 606.1 1:2 £0.8 47.8 1.72 X 10% 8 0.68 See pee t 0.004 5.8 
4 V.O.-D. 672.1 1.0 + 0:7 48.0 1. ¢ : So teia > 0.008 5.9 
4 V.0.-D.) double 700 1.0 +0.7 213 1.67 X104 8 0.68 ee Fig is 
i 7 21.5 8 See Fig 3 6 0.001 § 
5 VO.b:} couple 700 1.0 +0.7 OAV 83 7.67 X 104 8 0.6 ee Fie 3 2 ee ae 
-D. bl 700 1.0 +0.7 21.3 7.67 X 104 8 0.68 ee Fig 3 b 
t | Vorb ae 700 1.0 +0.7 21.3 | 7.67104] 8| 0.68 See Fig 3] 4 | 0.001 tee 
8 | V.0-D. 723.5 2.5 41.7 30.3 1.09 X 105 | 8| 0.68 See Fig 3] 5 | 0.006 4 tc 
9 Grube 718.8 ile ae loi 48.3 1.74 X 105 12 0.0081 5-6 i aeae About 
10 Grube 761.0 bie +£0.7 40.08 1.44 * 105 9 0.0054 5-6 10 Taek route 
11 Grube 786.0 2019) ead ers 23.63 8.52 XK 104 9 0.0057 5-6 10 0. (Cin tenisa Lees) 
12 Decarburization 750 + 4 24.5 8.82 X 104 | 11 0.43 0.016 G in ae rh ee 
13 Decarburization 775 66 2.38 X 105 | 11 0.43 0. 014 iC in thy: : hed 
14 Decarburization 800. 19.5 7.02 X 104 | 11 0.43 0.012 Ne in Hai es 
ig | Besehuustie | 35 A oct eat bie eI Cece 
izati 850 24 Ss 3 4 1 1 
i? Eee tobe beatae 875 46.5 1.67 X 105 11 0.43 0.004 (C in ferrite layer) 


* Standard deviation from probability plot. 
+ Error, r, = o X 0.6745. 


{ Grain size; 


ASTM estimate; intercept method. 


§ Large elongated grains in the weld zone; see figure lower portion of Fig 5. 
§§ Large elongated grains in the weld zone; similar to Fig 5. 


that a uniform (better than +0.25°) 
hot zone was maintained over a dis- 
tance of 3-in. 

Temperature control was obtained 
by using a Micromax controller-re- 
corder in conjunction with a constant 
voltage transformer and an anticipa- 
tor.*!_ Temperatures were measured 
accurately to 0.1 of a degree. The 
variation in temperature was from 
+0.6 to +1.70°. The temperature of 
the anneal was obtained by plotting 
readings on probability paper and 
determining the standard deviation 
from the average, which when multi- 
plied by 0.6745 gives the + error. 

Before the diffusion anneals were 
started, coils of chromel and alumel 
wire (24 gauge) were calibrated against 
a Bureau of Standards’s platinum- 
platinum: rhodium secondary standard. 
This was done by placing the standard 
thermocouple and thermocouples pre- 
pared from each end of the coils into a 
lin. diam nickel-plated copper cylinder 
in which three holes had been drilled. 
The cylinder containing the three | 
thermocouples was placed in the uni- 
form temperature zone of the furnace 
and the readings of the thermocouples 
were obtained on a type K Leeds and 
Northrup potentiometer, using a Leeds 
and Northrup thermocouple selector 
switch. Slight differences between the 
ends of the chromel and alumel were 
noted. These were averaged and charts 
were prepared for the chromel-alumel 
thermocouples correlating millivolts 
and temperature. New thermocouples 
were used for each diffusion-anneal. 

The thermocouples were placed into 
the low carbon end of the diffusion 
couple by drilling a hole sufficiently 
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large for the thermocouple bead and 
then peening over the edge of the hole 
to keep the thermocouple from coming 
out. Connection was made between the 
thermocouple and the potentiometer 
by chromel and alumel lead-in wires 
joined to the furnace by a kovar-glass 
seal. 

The diffusion anneal was carried out 
as follows: The furnace, drawn away 
from the quartz tube, was heated to the 
required temperature. The diffusion 
couple was placed into the cold quartz 
tube and connections were made to 
the potentiometer. The quartz tube 
was closed and was pumped down to 
the desired vacuum. The hot furnace 
was then pulled over the quartz tube 
containing the specimen. 

Table 2 gives the details of the dif- 
fusion anneals reported upon in this 
investigation. 


DECARBURIZATION ANNEAL 


Samples used for decarburization 
were annealed in a_ conventional 
Globar Type furnace with a quartz 
tube as a furnace chamber. No extra- 
ordinary effort was exercised to obtain 
a fine temperature control, and hence 
the temperature varied +4° of the 
desired temperature. The gas used was 
hydrogen saturated with moisture at 
room temperature (3.1 pet moisture by 
volume at 25°C). When the anneal was 
completed the samples were quenched 
in water. 


MACHINING OF SAMPLES 


After the diffusion anneal, the cou- 
ples were machined to approximately 
0.7 in. diam to remove possible de- 


carburized layers and to get a uniform 
diameter couple. The region of the 
interface was polished with emery 
cloth and metallographic papers of 
increasing fineness. The samples were 
etched in 10 pct nital to bring out the 
interface. With the specimen properly 
centered in the lathe, layers about 0.02 
in. were machined off near the interface 
and the thickness was then progres- 
sively increased to 0.04 in. at a dis- 
tance of a centimeter from the weld. 
The length of the specimen after each 
cut was measured to the thousandth 
of an inch and estimated to the ten 
thousandth. 

On the spools used for decarburiza- 
tion, turnings were taken on layers 
about 0.005 in. thick. In general, 
machining was continued until mar- 
tensitic areas were reached. 


CARBON ANALYSIS 


Before the carbon analyses were 
made, the chips were screened on a 
100-mesh screen to remove very fine 
particles which experience has shown 
can be relatively high in carbon pre- 
sumably because of tool wear. After 
screening, the chips were washed in 
acetone and were dried over a small 
flame. 

The carbon analysis was carried out 
by the method described by Stanley 
and Yensen.*? The method is a modi- 
fication of the conventional combustion 
method, employing the use of vacuum 
and liquid nitrogen. 

The agreement between the present, 
also known as the Yensen, method and 
the conventional combustion one 
is reasonable. Various investigators**.4 
using the Yensen method have 
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Table 3... Carbon Analysis of 
Standard Sample 


Certified Analysis 0.014 pct C 


Investigators 55a 
Stanley and Yensen*?..... 0.0104 0.0002 pct 
Wooten and Guldner®’.... 0.0108 + 0.0001 pct 
Naughton and Uhlig*‘..... 0.0003* 
0.0108 0.0003 
0.0108 0.0003 


o 

So 

a 

— 

nn - 
HIF H-I+ I+ 


* Naughton and Uhlig used two variations of 
the low pressure combustion method. 


analyzed the Bureau :of Standard’s 
sample 55a and have found it some- 
what lower than the certified value 
which was determined by conventional 
combustion methods. See Table 3. 
The differences in the two methods 
have been considered by 
and Uhlig.*4 


Naughton 


ERRORS 


There are certain errors in the dif- 
fusion experiment that are to be con- 
sidered in obtaining the error of the 
diffusion coefficient. The main sources 
of error are those due to carbon analy- 
sis, temperature and measurement of 
layers. Other errors affecting D are due 
to: diffusion occurring during the weld- 
ing of the diffusion couples, the diffu- 
sion occurring while the specimens were 
coming to and cooling from the diffus- 
ing temperature, and the change in 
dimensions due to thermal expansion. 

The errors in carbon analysis and 
temperature can be estimated, the 
other errors are not readily treated. 
The diffusion in the welding operation 
is small (about 0.06 mm) as can be 
seen from Fig 2 but no corrections for 
this diffusion were made. The error due 
to heating up and cooling down of the 
diffusion couples was difficult even to 
approximate; however if the heating 
and cooling times were short compared 
to the time of the diffusion anneal, it 
was felt that no serious error was intro- 
duced. After the diffusion anneal the 
samples were furnace-cooled to about 
500° and were then quenched. Correc- 
tions for thermal expansion can be 
made but were not made here because 
of the uncertainty of the temperature 
coefficient of iron in the range studied. 
The D values, if the expansion correc- 
tions were approximated, would be 


- increased only by about 1 pet. It is be- 


lieved that the diffusion data are good 
to +10 pct. 


Results 


After the carbon analyses had been 


~ made they were plotted in relation to 
the distance from the interface on 


probability paper. From the best 


_ straight line obtained on the probabil- 
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FIG 7—Carbon penetration at 672°C. 


ity plot, curves were redrawn using 
rectangular coordinates. The types of 
penetration curves obtained by the 
Van Orstrand-Dewey method are illus- 
trated in Fig 5 to 12 and for the Grube 
method in the ferritic state in Fig 13 
to 15. 
The D values for the curves were 
derived from Fick’s law* of diffusion. 
The differential form of Fick’s equa- 
tion is: 
ac _ ac 
dt ‘dx? 


The solution to the differential equa- 
tion for the specific boundary condi- 
tions of the Van Orstrand-Dewey 
method is: 


C, = C, ( x ) 
Cy Nena, 
where, using the cgs system, 

C, is the carbon at distance z in 
centimeters f 

C; is the base or initial carbon con- 
tent of the low carbon samples in 
per cent. 

C, is the carbon on the high side of 
the couple or the limit of solid 
solubility at the temperature. 

D is the diffusion coefficient in centi- 
meters squared per second. 

t is the time in seconds. 
¢ is the Gauss error function. 
The solution for the Grube method 


* Discussions of Fick’s law and the various 
solutions for erie boundary conditions can 
be found in Jost®® and Mehl.*6 
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FIG 8—Carbon penetration at 700°C. 


Ge = C;) x 

C(t (5 ci 
where C,, is the carbon at infinity in the 
high carbon side of the couple and all 
other symbols remain as before. 

The diffusion coefficients calculated 
by both methods are given in Table 4. 
In Fig 16, log D is plotted against the 
reciprocal of the absolute temperature. 
The agreement between points ob- 
tained by the two methods is gratifying. 

The diffusion of carbon in alpha iron 
as a function of temperature can be 
represented by the equation: 


DET oe ae = poly 


Hae 


No significant difference exists in D 
values between deoxidized, fine-grained 
samples and. undeoxidized, coarse- 
grained samples. The diffusion coeffi- 
cient at 700°C calculated for deoxidized, 
fine-grained samples (experiments 1, 2, 
3, 4, 6) using the Van Orstrand-Dewey 
method samples gave a value of 6.4 
x 10-7 cm? per sec. The experimental 
D value at 700 for an undeoxidized 
large elongated grain sample (experi- 
ment 5) gave a value of 6.75 X 10-7; 
experiment 7 also on an undeoxidized 
sample should not be compared with 
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experiment 5 since the sample con- 
tained 0.38 pct cobalt. Reference to 
experiments 9, 10, 11 employing the 
Grube method indicates that no 
anomalies were observed due to dif- 
ferences in grain size (See Fig 3 for 
example). 

Silicon up to 0.25 pet and cobalt up 
to 0.38 does not appear to affect the 
diffusion coefficient although it must 
be emphasized that the data are very 
meager and more work is necessary to 
establish the effect of these elements 


unequivocally. In the case of silicon | 


(experinient~2) the calculation of D 
from the exponential relation derived 
from all the points gives a value of 
2.7 X 10-7 at 606°C as against the ex- 
perimental value of 2.8 x 10-7. In the 
case of cobalt (experiment 7) the cal- 
culation of D from the exponential 
relation gives a value of 7.2 X 10-7 at 
700°C as against the experimental 
value of 7.6 X 10-7. These variations 
are both within 10 pct and no greater 
accuracy than this is claimed. 

It has not been possible, as may be 
evident, to determine whether D 
varies with concentration as it does in 
the case of gamma iron.® 
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ALPHA IRON 


The data on the solubility of carbon 
in alpha iron are given in Table 5. 
They have been obtained as the inter- 
cept carbon, Co, from the carbon pene- 
tration curves obtained by the Van- 
Orstrand-Dewey method (experiments 
1-8), Fig 5 to 12, and from the concen- 
tration of carbon at the ferrite-austenite ¢ 
interface, C;, as is obtained in ferrite 
layers by the decarburization of a 
medium carbon steel (experiments 
12-17); typical decarburization curves 
are given in Fig 17 and_18 for 750°C 
and 875°C, respectively. The data are 
plotted in Fig 19 together with data 
obtained by other investigators. The 
maximum solubility of carbon in alpha 
iron was found to be 0.019 pet at 725°C. 
The lines joining the carbon solubilities 
obtained by the Van-Orstrand-Dewey 
method and the decarburization method 
intersect nicely at the same point indi- 
cating that both methods are comple- 
mentary and that the assumptions 
made regarding them are justified. 


Discussion 


The diffusion of carbon atoms in 
alpha iron as well as in gamma iron is 
interstitial and hence one need not 
concern himself with the mechanism 
of the process as one does for the dif- 
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FIG 11—Carbon penetration at 700°C. 


fusion of atoms in substitutional solid 
solutions. 

The diffusion of carbon in alpha iron, 
however, is much more rapid than in 
gamma iron. Wells and Mehl® report 
the diffusion of carbon (in the range of 
0.01 pct) in gamma iron as 


32,000 
RT 


Dy = 0.07e — 


Using their equation and the one found 
here for alpha iron, comparisons in the 


D ratios at various temperatures can 
5, 


be made. Snoek®’ and Polder’ pre- 
dicted that at 910°C the ratio should 
be 2600 and 3, respectively. Actually 
the ratio at 910°C is 39. At 725°C the 
ratio increases to 126 and at 500°C it is 
835. 

It should be pointed out that the 
activation energy of the diffusion 
process in alpha iron is 18,100 gram-cal 
per gram-mol or about half the energy 
for diffusion in gamma iron, that is, 
32,000. This value of 18,100 is identi- 
cal (18,000) with that obtained by 
Snoek® from the theory of the magnetic 
after-effect and by Polder? from the 
theory of the elastic after-effect. 


THE SOLUBILITY OF CARBON IN 
ALPHA IRON 

The solubility of carbon in alpha iron 
has been established between 535 and 
910°C with the maximum solubility of 


Table 4. . . Summary of D Values 


-__mlC- OO 


Experiment Method Tempest 
1 V.0O.-D. 514.3 
2 V.O.-D. 606.1 
3 V.0O.-D. 672.1 
4 V.O.-D. 700.0 
5 V.O.-D. 700.0 
6 V.0.-D. 700.0 
is V.O.-D. 700.0 
8 V.0.-D. 123.5 
9 Grube 718.8 

10 Grube 761.1 
1l% Grube 786.0 


D D Percent 

cm? per sec cm? per sec Deviation from 

Observed Calculated* Calculated D 
0.97 X 107 0.80 X 107 +21.0 
2.8 2.7 + 3.7 
$3) 5.5. — 3.6 
7.4 ne + 2.8 
6.75 Gee — 762 
6.3 Wat —d Ze 
Ti T.2 + 5.5 
0.6 8.9 +19.0 
9.35 9.7 F356 
2.1 12.5 BI 
7.6 LSES +15.0 
Average Deviation +8.7 


* Calculated from the equation of the straight line for data in Fig 16. ° 
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FIG 13—Carbon penetration at 719°C. 
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Table 5 . . . Solubility of Carbon in 


Alpha Iron 
r . Tem- Solu- 
U De. perature, | bility, Method 
°C Pct 
i 4 514.3 0.0072 V.0.-D 
2 606.1 | 0.0078 vV.0.-D 
5. 672.1 0.0118 V.0.-D 
4 700.0 0.016 V.0.-D 
5 700.0 0.016 V.O.-D 
6 700.0 0.016 V.0.-D 
7 700.0 0.016 V.0.-D 
8 700.0 0.018 V.0.-D 
12 750 0.016 Decarburization 
13 775 0.014 Decarburization 
14 800 0.012 Decarburization 
15 825 0.0095 | Decarburization 
16 850 0.0065 | Decarburization 
17 875 0.004 Decarburization 


0.019 pet occurring at 725°C. The 


maximum solubility and the solubilities 
near it have been determined by several 
investigators. The present investiga- 
tion is in agreement with Smith,'® 
Ham,” and Dijkstra;*! all other de- 
terminations have tended to be high. 
Fig 19 gives the data of the present 
experiments and the data of other 
investigators. 

The limit of solubility below 725°C 
is rather important because it may 
serve as a base line for subsequent work 
which is needed to determine the effect 
of alloying elements on solubility. Such 


~ basic information is required if progress 


is to be made in the study of such 
phenomena as quench, strain, and 

“magnetic” aging as well as temper 
and blue-brittleness. ae 
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Summary 


The diffusion of carbon in alpha iron 
was determined by two methods. One, 
the Van Orstrand-Dewey method, con- 
sisted of diffusing the carbon from a 
high carbon iron containing 0.68 pct 
C—corresponding to fine pearlite—into 
an essentially carbon-free iron. The 
other or Grube method consisted of 
diffusing carbon from a ‘‘high”’ carbon 
ferrite into a low-carbon ferrite. The 
first method could be used only below 
725°C (eutectoid temperature) but the 
second could be used above and below 
725°C. Both methods gave equivalent 
results. 

The diffusion of carbon in alpha iron 
can be represented by the equation: 


— 18,100 
Da = 7.9 X 10 ay Ye 

The diffusion of carbon does not ap- 
pear to be affected by grain size, de- 
oxidation or small additions of silicon 
and cobalt. The present methods did 
not lend themselves toward determin- 
ing if D varied with concentration. 

At 725°C the diffusion of carbon is 
over 100 times as fast as it is in gamma 
iron. 

The solubility of carbon in alpha iron 
below 725°C was determined by the 
Van Orstrand-Dewey method sinze the 
carbon leaving the pearlitic iron at 


the diffusion temperature corresponds 
to the carbon solid solubility. The 
solubility above 725°C was determined 
by a decarburization method, the solu- 
bility being the carbon concentration 
where the carbon gradient in the ferrite 
intersects the carbon gradient of the 
austenite-ferrite region. Both methods 
of determining solubility gave lines 
meeting at the same point to give a 
maximum solubility of 0.019 pct car- 
bon at 725°C. The solubility lines be- 
tween 514 and 910°C were obtained. 
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Studies of Interface Energies in 
Some Aluminum and Copper Alloys 
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K. K. IKEUYE* and CYRIL STANLEY SMITH,* Member AIME 


In an earlier paper! one of the au- 
thors called attention to the signifi- 
cance of the relative free energies of 
grain boundaries and interphase bound- 
aries in alloys in determining the shape 
and distribution of micro-constituents. 

The ratio of the interphase and inter- 
crystalline boundary energies (that is, 
ne 


ge where 712 is the energy of the inter- 
11 


face between a crystal of phase 1 and 
a crystal of phase 2, and yi; is the 
energy of the boundary between two 
crystals of phase 1) will be denoted by 
T. It is this ratio that determines, by 
the simple triangle of forces relation,t 
the dihedral angle, 6, of phase 2 where 
it adjoins a boundary between two 
grains of phase 1. On a metallographic 
sample various angles are actually 
obtained because of the random orien- 
tation of the plane of observation, but 
the statistically most frequent angle 
is the true one. These basic principles 
were discussed in detail in the earlier 
paper. 

The experiments described below 
show the effect of both composition and 
temperature on @ and IT’ for some alloys 
containing a liquid phase, and provide 
data on the rate of approach to the 
equilibrium angles in both solid and 
liquid phases. 
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Experimental Procedure 


All the alloys were melted in a 
graphite crucible and cast into ingots 
34 by 1 in. cross-section. Some of the 
aluminum alloys consisted of two 
immiscible liquids from which uniform 
castings could not be obtained. The 
amount of liquid phase varied locally 
to a considerable extent and the 
analyses were meaningless. Neverthe- 
less, the composition of the liquid 
would not differ from that in an alloy 
of the intended gross composition, and 
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will be zero for T = 0.5 and all values 
below. True values for T can not be 
cbtained by direct microscopic means 
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the synthetic composition of the alloys 
was therefore used in considering the 
surface energy results. The ingots were 
given initial deformation by cold- 
rolling to 50 pet reduction, annealed, 
and given a second 50 pct reduction 
prior to cutting into small samples for 
heat treatment at the times and tem- 
peratures subsequently reported. The 
resulting micro-samples were carefully 
prepared metallographically and ex- 
amined at magnifications of 650, 1280, 
or 2500. The objectives used were 
21X, 0.40 NA (dry); 41X, 0.65 NA 
(dry); and 80X, 1.40 NA (oil emul- 
sion). The appropriate angles were 
measured by rotation of the stage of a 
Bausch and Lomb metallograph to 
align the appropriate boundaries suc- 
cessively with a cross-hair in a mi- 
crometer eyepiece. About 250 angles 
were measured on each phase. Though 
the angles were read to 1°, the accuracy 
is probably not above 3°, because of 
uncertainty in setting the cross-hair 
tangent to the sometimes curved 
boundary. The corners of very small 
particles, particularly in early stages 
of adjustment after cold-rolling, were 
difficult to measure and the results were 
slightly dependent on the magnifica- 
tion used (compare Fig 1-C and 1-D). 
With particles of larger size and more 
nearly equilibrium shape, magnifica- 
tion made no difference (vide Fig 1-F 
and 1-G). The measured angles were 
grouped in 10° intervals (5° if 6 was 
less than 20°) and plotted in bar 
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graphs, of which Fig 1 is an example. 
The most probable angle was esti- 
mated and taken to be the true di- 
hedral angle. 

The frequency curves of even well- 
annealed alloys showed a_ greater 
spread of angle than that resulting from 
random sectioning alone, which indi- 
cates that the energies of all interphase 
boundaries are not identical, but vary 
slightly, supposedly as a result of dif- 
fering orientation between the grains. 
Though this is of great interest and 
importance, it is a minor factor as far 
as general microscopic features are con- 
cerned and, for the present, is ignored. 


Rate of Approach to 
Equilibrium 


The distribution of dihedral angles 
for the liquid tin-rich phase in an 


= 


aluminum-tin alloy with 5 pct tin, 


_ cold-rolled and subsequently annealed 


for various times at 350 and at 450°C, 
is shown in Fig 1 and 2. In all of these 
alloys, the structure consists of nearly 
pure aluminum grains with a tin-rich 
liquid dispersed as a continuous prism- 
like network along the edges of the 
three-dimensional grains. In the two- 
dimensional metallographic section, 
the tin-rich phase (solid, of course, 
after quenching) appears most fre- 
quently as triangles at the junction of 
three grains of aluminum. In the 
annealed samples, these triangles are 


essentially equilateral and equiangu- 


lar, but cold-rolling distorts them 
considerably, resulting in a much 
wider spread of angles; annealing 


_ causes rapid restoration of the angles 


to the values determined by surface 
tension equilibrium. Fig 3 shows the 


‘same data as Fig 1 (that is, from the 


350°C: anneal) grouped according to 


the orientation of the apices in relation 


- to the direction of rolling. In the rolled 


Las 


alloy most of the angles in the 


quadrants lying in the direction of 
rolling are smaller than the equilib- 
rium value, while normal to this the 


particles have been flattened out and 


the angles increased. Annealing for 
15 min. at 350°C gives a well-defined 


- angle-distribution curve with a maxi- 


mum at the equilibrium value, although 


the abnormally large spread of angles 


has not entirely disappeared. Anneal- 
ing for 1 hr at 350°C gives liquid areas 
showing no anisotropy of angles, and 


further annealing causes no change. At 
450°C. (Fig 4) even the 15 min. anneal 


: gives a structure that. does not subse- 
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FIG 1—Distribution of measured angles in tin-rich liquid 
phase in longitudinal sections of 95-5 A\l-Sn alloy, cold- 
rolled and annealed for varying times at 350°C. 


250 angles measured for each sample, at 2500 X, except where 


otherwise noted. 
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FIG 2—Distribution of measured angles of tin-rich phase in 
longitudinal sections of 95-5 Al-Sn alloy, cold-rolled and 


annealed for varying times at 450°C. 
250 angles measured for each sample, at 2500 X, except where 


otherwise noted. 


quently change, except for the size of 
the liquid particles. 

In the solid state, restoration of dis- 
torted grain junctions to equilibrium 
configuration would be expected to 
occur at a slower rate than for a liquid 
phase and to be highly dependent on 
temperature. Tests were made on an 
alpha/beta bronze containing 16 pct 
tin at 650°C, a normal commercial 
annealing temperature. Annealing was 
done in asalt bath. Fig 5 to 8 show the 
microstructures obtained, whiie Fig 9 
is a plot of the distribution of the 
corner angles of the beta grains after 


various times of heat treatment. The 
grains of beta had been flattened out 
by rolling, and in the initial condition 
there is a large number of small angles 
in the quadrant parallel to rolling, 
while the normal quadrants contain 
larger angles than the equilibrium 
value. After annealing for 4 min., as 
can be seen from Fig 6, the alloy has 
completely recrystallized and the beta 
phase has developed apices, each one 
meeting a contiguous alpha boundary. 
The angles still show considerable 
spread from the equilibrium values and 
the strong curvature imposed on local 
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FIG 3—Same data as Fig 1, grouped in quadrants related to 


the rolling direction. 
0 R = angles whose bisectors fall in quadrants 135—225° and 315—45° 
from rolling direction. 
N = angles whose bisecters fall in quadrants 45—135° and 225— 
315° from rolling direction. 
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FIG 4—Same data as Fig 2, grouped in quadrants related to 


rolling direction. 
See Fig 3 for definition of N and R quadrants. 


FIG 5—Microstructure of «/8 bronze (16 pet Sn) as cold-rolled 50 pct reduction following 
650° anneal. 
Etched with potassium dichromate, followed by ferric chloride. 250 > 
FIG 6—Same alloy as Fig 5, annealed 4 min at 650°C, 


500 X. 


FIG 7—Same alloy as Fig 5, annealed 1 hr at 650°C. 
250 X. 
FIG 8—Same alloy as Fig 5, annealed 16 hr at 650°C. 


250 X. All micrographs reduced one-tenth in reproduction. 
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FIG 9—Distribution of angles in a/8 bronze with 16 pct tin, 
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grouped in quadrants related to the direction of rolling. 


250angles were measured in each specimen, at a magnification of 


1200.X, except Fig 9-G which was 2500 X. 


surfaces by the long-range geometry 
prevents equilibrium. * After 1 hr (Fig 
9-D) the angles in the longitudinal and 
normal quadrants are nearly the same, 
and after 16 hr anneal at 650°C (Fig 
9-F) the peaks of the two curves are 
_ almostidentical, indicating that surface 
tension forces have entirely overcome 
the distortion imposed by cold-work. 


a higher magnification 
(2500 X) as in Fig 9-G gave a considerably 
sharper distribution, but still showed a definite 
difference between those angles near the rolling 
direction and normal to it. It is possible that on 

an atomic scale the equilibrium angle is achieved 

- immediately after recrystallization. Samples that 
have been annealed for a sufficiently long time to 
allow the particles to acquire smooth, simply 
curved, outlines show no variation with magnifi- 
cation—provided, of course, that the metallo- 

_ graphic preeeeee and optics are such as to 
give good resolution of the oundaries. 


* Equilibrium at 
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FIG 10—Temperature dependence of dihedral 
angles in Cu-Pb and Al-Sn alloys. 
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FIG 11—Effect of temperature on relative interface 


energy, I’, for Cu-Pb and Al-Sn alloys. 


Relative Interface Energy, 


Atom % Al in Liquid 


FIG 12—Relative interface energy, I’, as a 
function of the composition of the liquid 
phase in Al-Sn alloys at various temperatures. 


The answer to the question as to 
whether the mechanism of adjustment 
is by diffusion or by plastic deforma- 
tion must await further study. 


Effect of Temperature on 
the Dihedral Angle in a 
Binary Alloy Contain- 
ing a Liquid Phase 


Fig 10 shows the temperature de- 
pendence of the dihedral angle of the 
liquid phases in a copper-lead alloy 
with 1 pet lead and in an aluminum- 
tin alloy with 5 pct tin. Sarsples of 
these alloys were first cold-rolleu and 
then annealed at different tempera- 


tures for sufficient times to obtain 
equilibrium. Fig 11 shows values of 
I’ (the ratio of interphase and inter- 
grain boundary energies) calculated 
from the dihedral angles. 

In the copper-lead system @ is un- 
affected by temperature up to 800°C, 
but decreases somewhat at 900 and 
930°C. and drops sharply to zero at 
960°C. In the aluminum-tin alloy @ and 
T decrease with increasing temperature 
in a more uniform manner. The differ- 
ence in behavior is easily explained if 
the constitution diagrams? are ex- 
amined. In the copper-lead system, the 
composition of the liquid phase in 
equilibrium with solid copper changes 
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FIG 13 (left)—Microstructure of 94-3-3 Al-Cu-Sn alloy. ay. 
Cold-worked 50 pct reduction and annealed 6 hr at 550°C. Etched with 2 pct hydrofluoric acid 
followed by dilute Keller’s etch. 250 X. Reduced one-tenth in reproduction. 
FIG 14 (right)—Méicrostructure of 95-5 Al-Cd alloy. bone 
Cold-worked 50 pct reduction, annealed 6 hr at 550°C. Etched with 2 pct hydrofluoric acid, fol- 


lowed by dilute Keller’s etch. 500 . Reduced one-tenth in reproduction. 
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FIG 15—Relative interface energy, I, in Al-Sn-Cu 
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alloys as a function of temperature. 


FIG 16—Relative interface energies 
as & function of composition in Al-Sn-Zn 


alloys at 450 and 550°C, 
(Al constant at 95 pet.) 


Cd alloys at 350 and 550°C. 
(Al constant at 95 pct.) 


FIG 17—Relative interface energies 
as a function of composition in Al-Sn- 
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FIG 18—Relative interface energies 
as a function of composition in Al-Sn- 
Bi alloys at 350 and 550°C. 


(Al constant at 95 pct.) 


only from 0.5 to 1.0 pet copper as the 
temperature rises from 500 to 800°C, 
and then changes with increasing 
rapidity to about 7.5 pet copper at the 
monotectic temperature, 953°C, where- 
upon it abruptly changes to about 60 
pet copper. In the aluminum-tin 
system the liquid changes continuously 
and with increasing rapidity from 0.5 
to 100 pct aluminum as the tempera- 
ture is raised from that of the eutectic 
(229°C) to the melting point of alumi- 
num (660°C). It seems obvious that 
the major effect of temperature in both 
alloys is to change the composition of 
the liquid. Although it would be ex- 
pected that both Yaiq and Ya/a would 
decrease with temperature, though per- 
haps at different rates, it seems reason- 
_able to attribute most of the change in 
6 and I to the solid/liquid interface 
rather than to the grain boundary. 
If, as in Fig 12, the values of I for 
the aluminum-tin alloys are plotted as 
a function of the composition of the 
liquid phase, as read from the liquidus 
_of the constitution diagram,” I is seen 
to be a smooth function of composi- 
tion,* decreasing as the liquid ap- 
proaches the solid in composition. This 
is not unexpected. 
Zz It has often been supposed that the 
presence of a liquid phase results in 
- hot-shortness of an alloy. Though ex- 
treme brittleness at high temperatures 
is almost invariably associated with the 
presence of a liquid, the converse is not 
gpecessarily so, for drops of liquid with 


* The vertical lines drawn through the experi- 

mental points in Fig 10 represent the range of T 

- corresponding to an error of 5° in measuring @. 

- It is obvious that the smoothness of the curve 
is to some extent fortuitous. 
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FIG 19—Relative interface energies 


as a function of composition in Al-Sn- 
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FIG 20—Relative interface energies 
as a function of composition in A\l- 


Pb-Cd alloys at 350 and 550°C 
(Al constant at 95 pct.) 


large dihedral angles are relatively 
harmless. An alloy will become hot- 
short immediately above the solidus 
only if the dihedral angle is nearly zero, 
causing the liquid to replace a large 
fraction of the normal grain boundary 
area and to give rise to sharp notches 
for stress concentration. The method of 
determining solidus temperatures by 
detecting the onset of hot-shortness is 
an excellent one when @ is zero, but 
is dangerous to use on alloys where this 
is not known to be the case. 


Interface Energies in Tern- 
ary Alloys Containing 
Liquid 

It has been shown above that the 
composition change resulting from 
variation of solubility with tem) erature 


affects the interface energy ratio in a 
binary two-phase alloy. The change of 


Pb alloys at 350 and 550°C. 


(Al constant at 95 pct.) 


composition caused by the addition of 
a third element at a fixed temperature 
can have a similar influence. The effect 
of zinc and bismuth added to copper- 
lead alloys was discussed in an earlier 
paper. More complete data were ob- 
tained with series of ternary alloys of 
aluminum containing tin and either 
copper, bismuth, lead, zinc, or cad- 
mium. Except for the copper series, 
which contained 94 pct aluminum, the 
alloys investigated contained 95 pct 
aluminum with the remaining 5 pct 
divided between tin and the other 
element in varying proportions. Typi- 
cal microstructures are shown in Fig 
13 and 14. 

The alloys containing copper were 
measured after annealing at several 
temperatures to show the effect both 
of temperature and composition (see 
Fig 15). The other alloys were annealed 
at 350 and 550°C only (for 16 and for 
6 hr respectively) and gave the values 
of 6 and T’ shown in Fig 16 to 20. 

Copper and zinc (Fig 15 and 16) are 
soluble in both the solid and liquid 
phases in aluminum-tin alloys and they 
act slightly in the direction of decreas- 
ing the value of [—whether by modifi- 
cation of the grain boundary energy or 
of the liquid/solid interface cannot be 
said. The other elements—cadmium, 
lead, and bismuth—are virtually in- 
soluble in solid aluminum, and dissolve 
little aluminum themselves when mol- 
ten. In their ternary alloys with alumi- 
num and tin it is therefore possible to 
study the equilibrium angles between 
an aluminum grain boundary (which, 
to a first approximation, may be 
assumed not to change in nature or 
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composition), and the interface be- 
tween aluminum crystals and liquid 
that is of varying composition. The 
data in Fig 17 to 19 show that the 
energies of the interface between solid 
aluminum and liquid cadmium, lead,* 
or bismuth in the binary alloys are all 
higher than that of the aluminum-tin 
interface, but that the interface energy 
is decreased rapidly by the first addi- 
tion of tin and more slowly as the liquid 
becomes richer in tin. This parallels 
closely the variation of surface tension 
with composition in binary liquid 
alloys and doubtless arises from a 
similar cause—the preferential adsorp- 
tion of the element giving lower inter- 
face energy at the interface. t 


Summary 


Studies have been made of the angles 


* The liquid phase in the pure binary alloys 
of aluminum and lead did not aggregate to a 
sufficient size to permit 6 to be measured, even 
after annealing for 6 days at 550°C. The alloys 
with minor additions of cadmium or tin behaved 
satisfactorily. 

+The behavior of the copper-bismuth-lead 
alloys described in Ref. 1 is not in accord with 
this, for the I’ curve is convex with increasing 
bismuth content. 

In the ternary Al-Pb-Cd case, there is no 
variation of I with composition (Fig 20). 
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existing at the corners of various micro- 
constituents in alloys after deforma- 
tion and heat treatment. Liquid phases 
take relatively short times to reach the 
angles determined by surface energy 
equilibrium. Solid phases are slower 
to adjust, but commercial annealing 
practice for a bronze gives dihedral 
angles that are not appreciably changed 
by longer annealing. 

The effect of temperature on the 
dihedral angle and the relative energies 
of grain boundary and _ interphase 
boundary in copper-lead and alumi- 
num-tin alloys is slight except when the 
change of temperature produces a 
change in the composition of the 
phases in equilibrium. In general, it is 
predicted that alloys whose constitu- 
tion diagrams show a nearly vertical 
liquidus will be substantially unaf- 
fected by temperature change, and that 
alloys with a sloping liquidus will 
present structures that vary considera- 
bly with annealing temperature. The 
dihedral angle decreases as the compo- 
sition of the liquid approaches that of 
the solid. Alloys become hot-short 
when heated above the solidus only 
if the liquid phase has a small dihedral 
angle and so replaces a large part of the 


DENDRITES IN CAST BRASS. 
Grignon, 1775. (Courtesy of C. S, Smith) 


grain boundary area. 

Dihedral angles were measured for a 
series of ternary alloys of aluminum 
with tin and other low melting-point 
elements. If the third element is solu- 
ble in both solid and liquid phases 
the dihedral angle may be decreased 
(aluminum-tin-copper, aluminum-tin- 
zinc) but otherwise the ternary alloys 
possess relative interface energies inter- 
mediate between that of aluminum-tin 
and that of the binary alloy of alumi- 
num with the other component. The 
first addition to a binary alloy of a 
third element that itself has a lower 
interface tension against solid alumi- 
num will cause rapid reduction of | 
interface tension, while further addi- 
tions are less potent, paralleling the 
behavior of surface tension in liquid 
binary alloys. 
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Introduction 


The melting and casting of any com- 
mercial metal depends upon the suc- 
cess with which the problems attendant 
to the handling of the specific metal are 
overcome. Common difficulties en- 
countered in the handling of commer- 
cial metals are tendencies to burn or 
oxidize excessively, low fluidity, en- 
trapment of dross, hot cracking, cold 
embrittlement, cold shuts, and un- 
soundness caused by gas evolution. 
Beryllium is not only subject to these 
same difficulties but is generally more 
sensitive to them than are the more 
common metals, thus necessitating 
more exact founding precautions. 


Characteristics of 
Beryllium 


Certain characteristics of beryllium 
which make it particularly difficult to 
handle in the plant or laboratory are as 
follows: 

1. The melting point of beryllium is 
about 2400°F and pouring tempera- 
tures vary from 2600 to 2900°F, de- 
pending upon the degree of fluidity 
required. The extreme chemical activ- 
ity, combined with the high tempera- 
tures, makes necessary the use of inert 
atmospheres, slags, or vacuum for pro- 
tection during melting and pouring. 
Furthermore, beryllium tends to react 
with the melting crucibles, tools, and 
molds, thus requiring the selection of 
suitable materials and proper main- 
tenance of these items. 

2. The very marked absorption of 
gas by molten beryllium and the sub- 
sequent evolution of gas during solidifi- 
cation causes a great deal of difficulty 
with unsoundness. Beryllium castings 
may also be subject to unsoundness as 
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a result of gas formation by chemical 
reaction with the mold surface during 
solidification. 

3. Thevery marked chemical affinity 
between molten beryllium and the nor- 
mal atmosphere causes the formation 
of dross. On relatively quiescent melts, 
this dross forms a very tenacious film 
which, if carried over to the mold, can 
cause defects such as the formation of 
skins or dross in the interior or on the 
surface of the casting; folds or defects 
similar to cold shuts may also be found. 

4. During the pour and attendant 
turbulence, the dross may be mixed 
into the metal and then carried to the 
casting. There it may be entrapped 
during freezing and cause internal de- 
fects, or it may float to the surface and 
cause severe dross defects on the cope 
side of the castings. 

5. Solid beryllium is very weak at a 
temperature near the solidus line; 
brittleness is also a problem at lower 
temperatures. Thus, hot and cold crack- 
ing must be guarded against. 


Scope of the Experimental 
Work 


All of these problems have been 
given consideration in the work at 
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Battelle. Before the work was started 
at Battelle, it was customary to melt 
beryllium in a vacuum furnace or 
under flux in graphite-lined induction 
furnaces. 

Because of the difficulty of prevent- 
ing gas unsoundness in beryllium cast- 
ings, an investigation was undertaken 
primarily to study this particular prob- 
lem and, secondarily, to devise methods 
of overcoming the other difficulties en- 
countered in the founding of beryllium. 
The objectives of the laboratory work 
were multifold: 1. To devise a practical 
method of melting, other than vacuum 
melting, by means of which con- 
sistently sound beryllium castings could 
be produced. 2. To obtain funda- 
mental data which would promote a 
better understanding of the causes of 
gas unsoundness in beryllium. 3. To 
develop a casting technique which 
would permit low melt temperatures, 
minimize dross defects and hot crack- 
ing, and eliminate reaction with the 
mold surface. 

Up to the present time, a considera- 
ble amount of progress has been made 
on the first and third objectives, with 
the result that it can now be safely 
stated that consistently sound castings 
can be made by the open-pot melting 
method, using argon as a protective 
atmosphere and a proper casting tech- 
nique. There has been some progress on 
the second objective of the project, but 
it cannot yet be safely stated that the 
problem is completely understood. 

Most of the experimental work has 
been conducted in an enclosed melting 
and pouring apparatus in which very 
close control of melting variables has 
been effected. Findings based on the 
results of the work conducted in this 
small experimental apparatus have 
been applied to large-scale melts which 
have been made by techniques suitable 
for duplication on a commercial scale. 
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FIG 1—Sectional view of gas atmosphere induction furnace. 


The Controlled-atmosphere 
Furnace 


The experimental apparatus for 
melting and pouring under controlled 
conditions has been termed the small 
or controlled gas-atmosphere induc- 
tion-melting furnace. A sectional view 
of this furnace is shown in Fig 1. The 
sketch shows the induction furnace 
lined with a beryllia crucible and 
equipped with a graphite mold. Other 
crucible and mold materials have been 
investigated in this apparatus, but 
those mentioned have been selected as 
the best for the work conducted to date. 

As shown in Fig 1, the apparatus 
consists of a copper dome which fits 
over the induction furnace. The mold 
is integral with the dome. This ar- 
rangement permits the control of the 
composition of the ambient atmosphere 
used during melting and pouring. After 
putting the dome in place, the charge 
is melted in the furnace and then cast 
into the mold by revolving the entire 
assembly about the axis shown in the 
lower righthand corner of the draw- 
ing. Upon revolving the assembly, the 
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melt ‘pours over the lip of the crucible 
and into the mold according to the 
Durville pouring method. This method 
of pouring is very desirable for easily 
oxidized or drossy metals because it 
permits the metal to be poured with a 
minimum of disturbance of the oxide 
film and thus prevents the inclusion of 
dross in the castings. The furnace as- 
sembly with the dome installed and in 
the melting position is shown by Fig 2. 

The argon gas used as an atmosphere 


_ during melting and pouring is purified 


and dried, if a low humidity is desired, 
before it enters the dome. The rate of 
flow of the gas is closely controlled, its 
temperature inside the dome measured, 
and the humidity of the gas that leaves 
the dome determined. The temperature 
of the metal throughout the melting 
cycle is closely controlled, and the 
temperature of the graphite mold is 
also closely regulated. The dome is 
equipped with (1) a cooling coil through 
which various cooling liquids can be 
circulated, (2) peepholes for viewing 
the crucible and mold, and (3) a poking 
rod and an alloy addition device which 
permits these operations without open- 


ing the dome. 


Melting and Casting Large 
or Small Beryllium Heats 


FURNACES AND FURNACE LININGS 


The induction furnace is most suit- 
able for the melting of beryllium. 
Graphite linings for the induction fur- 
nace have been used but are not very 
practical since, at a temperature of 
about 75° above the melting point of 
beryllium, the reaction Be + C-—> 
Be2C takes place. Since the reaction is 
exothermic, the utility of a graphite 
crucible is limited by the necessity of 
an accurate control of the temperature 
of the melt. 

Magnesia linings for induction fur- 
naces, employed in melting beryllium, 
have been used in the past with some 
measure of success. The use of magnesia 
was abandoned when it was found that 
the fluxes used in melting beryllium 
attacked this refractory. Since fluxes 
are no longer necessary in the melting 
of beryllium, it may be possible to re- 
turn to the magnesia lining. This possi- 
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bility should be investigated. 

Large-scale melts have been made 
most successfully in induction furnaces 
lined with a graphite-bonded silicon 
carbide known commercially as Tercod. 
They are conveniently backed with 
lampblack for high thermal insulation. 
Tercod crucibles are available in a 
variety of sizes and shapes. In the ex- 
perimental work, they have been used 
in the melting of heats ranging from 
about 3 lb up to about 85 Ib. 

Although Tercod crucibles have been 
successfully set in the large induction 
furnace with a silica sand backing, best 
results have been obtained using a 
lampblack (Norblack) backing. This 
material is rammed tightly around the 
crucible, the coils being protected with 
a layer of ramming mix next to the coil 
and a layer of asbestos paper between 
the ramming mix and the Norblack. 
With the 80-lb melts, melting time has 
been cut from 214 to 144 hr by the use 
of the insulating lampblack backing. 

The Tercod crucible is ordinarily 
supplied with a _ borosilicate glaze. 
Tercod crucibles, having an alumino- 
silicate glaze on the outside and little 
or no glaze on the inside, are said to be 
available. Up to the present time, the 
glaze has been removed by melting a 
cryolite wash in the crucible. The cryo- 
lite is then removed by melting a wash 
heat of beryllium in the crucible. The 
wash heat may include scrap beryllium 
such as turnings, sawings, and others. 
Often, metal containing dross skimmed 
from previous heats is added to the 
wash heat which then forms a protec- 
tive film of beryllium oxide on the 
inside of the Tercod crucible. Without 
this protective layer, the Tercod may 
be attacked by the beryllium. 

The Tercod crucible does not appear 
to be suitable for use in the small gas- 
atmosphere induction furnace, because 
under such conditions of melting, the 
oxide film on the Tercod is not main- 
tained and the melt reacts with the 
crucible. The use of cryolite for the re- 
moval of the glaze is undesirable from 
a health standpoint because, on subse- 
quently using the crucible for melting 
beryllium, copious fumes of beryllium 
fluoride are formed as a result of the 
reaction between beryllium and the 
residual cryolite (Na;AIF¢). It is possi- 
ble that some means other than that 
which is used at the present time can 
be devised for the removal of the glaze 
and the attainment of a beryllia coating 
on the Tercod. 

The development of beryllia cruci- 
bles for use in the small gas-atmosphere 
induction furnace (Fig 1) has been a 


OCTOBER 1949 


FIG 2—Photograph showing the small controlled-atmosphere 
induction furnace used to make melts of 1 to 2 Ib each. 


step of great importance in the experi- 
mental procedure. After a considerable 
number of trials of various materials, 
it was found that a beryllia crucible 
was satisfactory if it was fired by slow 
heating to 3300°F, and then held at 
this temperature for 4 hr before slowly 
cooling to room temperature. Without 
such treatment, the crucibles fail after 
each heat because they are subject to 


considerable dimensional change dur- 
ing the heating and cooling cycle. After 
firing at 3300°F, the dimensional sta- 
bility is very satisfactory and crucibles 
invariably last for 15 to 20 heats and 
fail through the formation of a skull of 
beryllium oxide on the inside of the 
crucible and not through cracking. 
The spout of the experimental fur- 
nace is lined in such a way that during 


FIG 3—Photograph of the large induction furnace with a 
graphite mold and tilting mechanism for making the cast 2-in.- 
round remelting ingots for the furnace illustrated by Fig 1 
and 2, 
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the pour the metal contacts only the 
beryllia refractory. 

New beryllia crucibles, even after 
preheating at 3300°F, are generally 
unsatisfactory for the melting of beryl- 
lium because the first melt made in a 
new crucible or in a furnace which has 
not been used for a considerable length 
of time is often very “gassy.’’ In such 
instances, the use of a wash heat of 
beryllium for conditioning the crucible 
is recommended if sound castings are to 
be consistently obtained. 

One disadvantage of the induction 
furnace for melting beryllium is that 
dross is often inductively stirred into 
the melt and results in dirty castings. 
When a Tercod crucible is used for the 
lining, the conductive crucible shields 
the melt from much of the electromag- 
netic field which would induce too 
violent agitation. A further advantage 
of the Tercod crucible is that it can be 
heated to a high temperature before 
the beryllium charge is added to it, 
thus permitting rapid melting if desired. 

The stirring which occurs in the melt 
prepared in the controlled gas-atmos- 
phere induction furnace (Fig 1) con- 
taining a beryllia crucible is of less 
importance because the use of the inert 
atmosphere eliminates the dross to a 
great extent. Furthermore, as shown in 
Fig 1, the beryllium melt is shielded to 
some extent from the inductive field by 
means of a graphite backer for the 
beryllia crucible. 

Although induction heating has been 
used exclusively in the experimental 
melting of beryllium, it is conceivable 
that some other form of heating, such 
as electrical resistance heating, might 
be satisfactory. It is unlikely that gas- 
fired furnaces, unless mixtures other 
than city gas and compressed air were 
used, would be suitable because of the 
high-flame temperatures necessary for 
the melting operation and the gas ab- 
sorption from the products of com- 
bustion. Arc melting probably would 
not be desirable because of the possible 
contamination of the melt by the 
electrodes. 


SELECTION AND PREPARATION 
OF MELTING STOCK 


Beryllium metal stock available for 
melting in the experimental work has 
ranged in purity from about 89 pet 
beryllium up to about 97 pet beryllium. 
The balance of this material has been, 
for the most part, fluoride flux remain- 
ing in the material from the refining 
operation. Very often it has also con- 
tained about 0.2 pet aluminum and up 
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FIG 4—Photograph showing a series of beryllium castings 
having a considerable range in unsoundness, made in the gas- 
controlled-atmosphere induction furnace. 


to 1 pct magnesium. Melting this 
material by the open-pot method 
markedly reduces the content of fluo- 
ride and magnesium. 

In order to prepare 1- to 2-lb charges 
for the experimental melts, the as- 
received beryllium is melted in large- 
scale heats weighing about 85 lb and is 
cast into 2-in.-diam bars. This melting 
is conducted in an open pot, using a 
Tercod-lined induction furnace with a 
stream of argon directed against. the 
melt surface. The melt is poured in air 
into graphite molds, 4 bars per mold, 
using the Durville principle of pouring. 
Fig 3 shows the mold and apparatus 
used to prepare the 2-in. bars, the fur- 
nace being in a tilted position. The 
2-in.-diam bars are cut to lengths 
weighing about 1.3 lb each. Such a bar 
makes an ideal material for melting 
stock in the experimental work because 
of its uniformity from piece to piece 
and its uniform surface area. Further- 
more, during melting, the solid piece 
melts down uniformly with no oppor- 
tunity for bridging which often occurs 
when lump materials are melted in the 
small, experimental induction furnace. 

It is desirable that the beryllium 
melting stock, for large or small heats, 
be as clean as possible and dross should 
be removed by grinding the surface. 
The chances of obtaining an unsound 


heat are greatly minimized by drying 
the stock thoroughly before melting it. 
This drying operation can be effectively 
carried out by holding the material at 
a temperature of 500 to 800°F for about 
12 hr before melting. Naturally, the 
chance for gas absorption from the 
surface of the beryllium melting stock 
is minimized by using pieces as large as 
practicable. ; 


MELTING TECHNIQUES 


Because of the severe chemical reac- 
tivity of beryllium, it must be protected 
from reaction with oxygen and nitro- 
gen during melting. Melting beryllium 
under a fluoride flux prevents drossing 
and, in a number of instances, success- 
ful castings have been poured by this 
method. On the other hand, the flux 
melting method is difficult to use be- 
cause, during this type of melting, copi- 
ous fumes evolve from the flux and 
these fluoride fumes are very toxic. 
A second disadvantage of this melting 
method is that the flux is very hygro- 
scopic and, unless it is melted separately 
and added to the molten beryllium 
metal, a large quantity of hydrogen 
may be absorbed from the moisture in 
the flux. The flux is denser than the 
molten beryllium and, while it crusts 
over and is thus mechanically held on 
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FIG 5—Series of ingots showing the relationship of gas un- 
soundness to the humidity of the ambient atmosphere. 


top of the melt, portions of the flux 
invariably sink and become entrapped 
in the metal during the pouring opera- 
tion. This entrapment of flux occasion- 
ally results in flux inclusions in the 
castings. 

Melting under a hydrogen atmos- 
phere has been reported in accounts on 
the German beryllium industry. This 
method has not been tried, but melting 
under an inert atmosphere appears to 
be, by far, the most practical method 
for melting beryllium. Inert atmos- 
pheres of the argon or helium type are 
satisfactory. Argon has the advantage 
that, being denser than air, it forms a 
better blanket over the surface of the 
melt than helium which is lighter than 
air and has a greater tendency to rise. 
Attempts have been made to use dry 
nitrogen, but large quantities of beryl- 
lium nitride are formed which make 
this gas undesirable. 

Investigations of the gas unsound- 
ness in beryllium castings poured from 
melts prepared in the small, experi- 
mental gas-atmosphere induction fur- 
nace have shown that a high degree of 
purity and of dryness of the protective 
gas is necessary if sound castings are to 
be produced. In order to produce argon 
of high purity for the melting unit, the 
gas is passed first through copper 
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turnings at 1200°F to remove the bulk 
of the oxygen present, then through a 
copper coil which can be refrigerated to 
a temperature of minus 100°F to re- 
move most of the moisture and, finally, 
through titanium turnings at 1200°F to 
remove nitrogen and the last traces of 
oxygen and water vapor. 

Fig 4 illustrates the range of un- 
soundness which can be obtained in 
beryllium. Microporosity, such as oc- 
curs in copper-base alloys, was not a 
contributing factor to the unsoundness. 

The effect of the moisture content in 
the argon atmosphere on the soundness 
of beryllium castings made in the small- 
scale experimental furnace is shown by 
Fig 5. For this particular series, it is 
believed that the other variables were 
held at values which, excepting for the 
humidity of the ambient atmosphere, 
are conducive to a high degree of sound- 
ness. The transition from sound to 
unsound beryllium castings appears to 
have occurred at a moisture level of 
about 3 grains per cubic foot. Other 
series made under similar conditions 
have indicated that the transition level 
is considerably lower. In one instance, 
it appeared to be at about 1.0 grain per 
cubic foot. 

In general, the longer the time that a 
melt of beryllium is held in the molten 


state, the more unsound the resultant 
ingot will be. The effect of increasing 
the holding time of beryllium melts at 
the pouring temperature in the gas- 
atmosphere induction furnace from 4 
to 30 min. before pouring is shown in 
Fig 6. The humidity of the ambient 
argon atmosphere used for the heats 
from which these two ingots were 
poured was less than 1 grain of mois- 
ture per cubic foot. The graphite mold 
was held at a temperature of 300°F and 
a-pouring temperature of 2800°F was 
employed. This increase in gas un- 
soundness produced by a prolonged 
holding at the pouring temperature is 
typical of some other metals also. 

The effect of the length of the hold- 
ing period at pouring temperature on 
gas unsoundness should not be con- 
fused with the length of time required 
to melt the metal. The effect of the 
speed with which the metal is melted 
and then brought to the pouring tem- 
perature has not yet been investigated. 
Since the rapid melting of beryllium 
may tend to increase gas unsoundness, 
it should be emphasized that Fig 6 
shows the effect of holding at the pour- 
ing temperature. In other words, it is 
known that, once the metal has reached 
the pouring temperature, it should be 
poured without further holding. It does 
not necessarily follow, however, that 
the metal should be melted as rapidly 
as possible. Indeed there is some evi- 
dence that slow melting is desirable. 

The typical effects of the pouring 
temperature on the gas unsoundness of 
beryllium castings are shown in Fig 7. 
All of these ingots were poured in a 
graphite mold at 300°F. The heats 
were made in an argon atmosphere at 
less than 1 grain of moisture per cubic 
foot. The tendency to increase gas 
unsoundness as the casting tempera- 
ture increases is typical of most metals. 

Fig 8 shows a typical example of the 
occurrence of unsoundness in a casting 
made from the first melt in a beryllia 
crucible preheated to 3300°F before 
using. 


MELTING POINT DETERMINATION 


The melting point of beryllium, as 
reported in Metals Handbook, is 1285 
+40°C (2345 +70°F). In the course of 
the melting of beryllium in the con- 
trolled-atmosphere furnace, one melt 
was allowed to freeze in the crucible 
and the cooling rate determined by 
a calibrated platinum, platinum-rho- 
dium thermocouple protected by a 
beryllium oxide tube. The resultant 
curve, which is shown in Fig 9, shows a 
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FIG 6—tThe effect of holding time on the occurrence of gas 


unsoundness in beryllium. 
Pouring temperature 2800°F, mold temperature 300°F 


A-77. Melt poured as soon as 
the pouring temperature was 
reached. 


melting point of 2400°F after some 
supercooling. This value is near the 
high limit previously reported. A melt- 
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FIG 7—The effect 


A-66, held 16 min., 
poured at 2700°F, 
mold temp. 300°F, 


A-67, held 16 min., 
poured at 2800°F, 
mold temp. 300°F. 
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A-78. Melt held 30 min. at the 
pouring temperature before 
pouring. - 


ing point taken as the maximum 
temperature after supercooling can be 
considered only a minimum possibility 


A-7| 


of pouring temperature on the occurrence of gas unsoundness 
in beryllium. 
A-68, held 12 min., 


poured at 2900°F, 
mold temp. 300°. 


A-71, held 18 min., 
poured at 3000°F, 
mold temp. 300°F. 


since it cannot be assured that the 
maximum temperature after super- 
cooling is anything more than a balance 
between the heat released on freezing 
and the heat loss by natural cooling. 
Thus a value of 2400 +20-10°F seems 
to be the melting point as determined 
in this test. The metal was remelted 
virgin beryllium. By spectrographic 
analysis it contained 0.10 pct Al, 0.08 
pet Si, 0.10 pct Fe, < 0.05 pct Mg, and 
only traces of other impurities. Carbon 
was low, as judged by metallographic 
examination, but no estimate of oxygen 
content is available. 


CASTING PRACTICE 


Beryllium static castings can be pro- 
duced with a minimum of difficulty 
from gas unsoundness and oxide and 
dross inclusions if they are poured 
directly from the furnace using the 
Durville method, as illustrated by 
Fig 1, 3, and 10. Ladling of the metal 
is obviously undesirable because it 
increases the contact of the metal with 
the atmosphere, makes higher melt 
temperatures necessary, and also in- 
creases turbulence and attendant in- 
cluded dross. Furthermore, ladles are 
often a source of gas pickup through 
unsatisfactory drying. In order to 
reduce the formation of dross, it is de- 
sirable that the molten metal be intro- 
duced into the mold with a minimum 
of turbulence. This can be accom- 
plished by permitting it to run down a 
slight incline into the mold cavity. 
Although a mold can be tilted by hand 
to accomplish this end, the best prac- 
tice is to design the mold for attach- 
ment directly to the furnace so that it 
tilts or can be separately tilted as the 
furnace is tilted. Fig 3 and 10 illustrate 
this technique showing the mold and 
method of pouring 2-in.-diam ingots 
and a slab about 2 in. thick and 18 in. 
square. The ingot mold is tilted by 
hand, using the special tilting mecha- 
nism, thereby permitting several to be 
poured from the same melt, whereas 
the slab mold is attached to the furnace 
and tilts with it, thereby permitting 
the pouring of one casting per melt. The 
metal is poured so that it runs down 
the slightly sloping surface of the riser 
and, as the furnace is tipped over, the 
mold is filled without causing undue 
turbulence. In both instances, the melt 
is poured direct from the furnace into 
the inclined mold. The end bells of the 
ball mill, shown by Fig 11, also illus- 
trate castings made by this method. 
The end plates are sound, the dark 
spots being the individual coarse grain 
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revealed by the machining operation. 

Centrifugal casting is an_ ideal 
method for producing beryllium cast- 
ings when the size and shape of the 
casting are suitable. In order to pour a 
large-diameter casting, ladling metal is 
often necessary, though direct pouring 
should always be used if possible. The 
nature of the centrifugal casting proc- 
ess is such that it tends to reduce or 
minimize the difficulties with dross 
formation and gas unsoundness. A 
rapid pour into the mold is desirable to 
prevent cold shuts and to minimize the 
distance of travel of the metal. In the 
large-diameter castings, it is also de- 
sirable to pour the metal into the mold 
as near as possible to the periphery. 

In order to cast an inside vertical 
wall centrifugally, it is necessary to use 
a rotating speed that gives a value of 
centrifugal force at the inside wall of 
the casting of at least 75 times the force 
of gravity. Thus the minimum speed of 
rotation is fixed and is dependent upon 
the casting diameter. Most of the cen- 
trifugal castings have been cast at this 
speed because it was feared that too 
high a speed might promote cracking. 
However, speeds somewhat higher than 
the minimum showed no _ harmful 
effects. 

Some of the castings made success- 
fully by centrifugal methods are as 
follows: 

1. A cylinder 214-in. od, 34¢-in. 
wall, 30 in. long, cast horizontally. 

2. A ring 19-in. od, 1-in. wall, 5 in. 
high, cast vertically. 2 

3. A ring 19-in. od, 714-in. wall, 5 in. 
high, cast vertically, using a water- 
cooled steel mold. This casting after 
cutting and some machining of the 
inside surface is shown by Fig 12. The 
shrinkage on the inside periphery is to 
be noted. 

4. A ring 52-in. od, 2-in. wall, 4 in. 
high, cast vertically. Fig 13 shows this 
casting as stripped from the mold. 

5. A ball mill 9-in. od, 114-in. wall, 
8 in. long, cast vertically. This casting 
is illustrated by Fig 11. 

A sound, fine-grained molded graph- 
ite makes an ideal mold material. It 
can be used successfully both in static 
and centrifugal casting. Although suc- 
cessful castings have been made in 
steel molds coated with acetylene soot, 
beryllia, or alumina, there is a tendency 
for beryllium metal to cut steel and, in 
general, the use of this material is not 
~ recommended. Baked, oil-bonded mag- 
nesia and zircon-base molds have been 
used, but the effects of these materials 
on gas unsoundness are not completely 
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FIG 8—The effect of the use of melting 
crucible on the occurrence of gas unsound- 


ness in bervllium. 


Both castings poured at 2800°F, using a mold 
temperature of 300°F . 
A-76, first heat in the 


crucible, 
wash heat. 


namely, a 


understood and they should be used 
with caution. 

The extreme tendency for beryllium 
to hot crack must be guarded against 
when designing the casting. To accom- 
plish this, the molds must be designed 
in such a way that the casting is not 
restricted during its solidification or 
cooling period. The development of a 
collapsible mold material for this metal 


A-77, second heat in 
the crucible. 


would be very desirable. Meanwhile, 
small, moderately intricate castings 
can be made by opening the graphite 
mold immediately after the casting is 
solidified so that the metal is subjected 
to a minimum of restriction as it cools. 

All molds should be thoroughly dried 
before use. A desirable practice is to 
hold the graphite mold at 1000°F for 
about 1 hr and then cool it to not lower 
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FIG’ 9—Cooling and solidification curve, Heat No. A-14, 
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FIG 10—Photograph showing the graphite mold attached to 


the large induction furnace. 


The mold is for a plate 18 inches * 18 inches X 2 inches, which is 
poured by the Durville method. 


FIG 11—Photograph showing a cylindrical casting and end 
plates to form a small ball mill approximately 8 in. od. 


than 300°F for use. In some instances, 
where a sufficiently large high-tem- 
perature furnace was not available, the 
molds were preheated to only 600°F 
and held for 16 hr. Graphite molds 
should not be allowed to cool below 
300°F until all of the castings to be 
poured into them have been produced. 
If the mold is held for any length of 
time at room temperature, it should be 
reheated to 1000°F (or lower, if the 
higher temperature is not practicable) 
before subsequent use. 

In the study of graphite as a mold 
material, it has been observed that the 
tendency toward gas unsoundness in 
the casting increases with repeated use 
of the mold. The reason for this behav- 
ior of the graphite is not definitely 
known, but to insure against the possi- 
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bility that the re-use of the graphite 
mold becomes a variable in the experi- 
mental studies, no mold is used for 
more than ten casting operations. 


Discussion of Results 


Since the experience with the found- 
ing of beryllium has not been exten- 
sive, it is difficult to evaluate the 
limitations of the art and science of 
producing high-quality castings. In 
this investigation, some consideration 
has been given to practically all of the 
founding characteristics of beryllium, 
and special attention has been given 
to that problem which has appeared to 
be the most troublesome, namely, gas 
unsoundness. The seriousness of the 
gas unsoundness problem in casting 


beryllium can be appreciated by ob- 
serving the range of unsoundness 
which may be encountered, as shown 
in Fig 4. 

The unsoundness observed in Fig 4 
is clearly caused by an evolution of gas 
during solidification of the metal. The 
precise type of gas evolution or the 
particular gas or gases involved is not 
definitely known. In general, there are 
two types of gas evolution, as follows: 
1. Gas evolved during solidification of 
the metal because of the very marked 
decrease in solubility of the gas as the 
metal changes from liquid to solid. 2. 
The formation of a relatively insoluble 
gas by a reaction which occurs between 
two constituents dissolved in the melt. 
A typical example of such a phenome- 
non is the carbon monoxide gas evolved 
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FIG 12—Photograph showing a centrifugal casting 19 in. od, a 714-in. wall, and 


5 in. high. 


The casting is shown after it was sawed and some machining done on the inside surface. The 
shrinkage on the inside periphery is evident. 


in a rimming steel ingot as a result of 
the reaction between dissolved carbon 
and oxygen. A second example is the 
formation of steam in copper-base 
alloys as the result of a reaction be- 
tween hydrogen and oxygen, or an 
oxide dissolved in the melt. In both of 
these instances the gases formed, as a 
result of the reactions, are relatively 
insoluble in the solidifying metal and 
thus precipitate or eyolve from the 
melt. 

There are many possibilities of 
these two types of gas evolution which 
might occur in beryllium. Hydrogen, 
carbon monoxide, carbon dioxide, ni- 
trogen, and possibly other gases might 
evolve from the melt during solidifica- 
tion as Type 1 gas evolution. Type 2 
gas evolution could occur as a result 
of the reaction of hydrogen and oxygen 
or oxide in the melt to form steam, or 
the reaction of carbon or carbon 
monoxide with oxygen or oxide in the 
melt to form either carbon monoxide or 
carbon dioxide. If oxygen or beryllium 
oxide is as insoluble in molten beryllium 
as is oxygen or the respective oxide in 
the light alloys, aluminum and mag- 
nesium, Type 2 gas evolution may not 
occur. There have been a few instances 
in the experimental work where un- 
sound ingots have shown an increased 
carbon monoxide content. The samples 
for these tests were selected to include 
whole gas bubbles, so that evolved as 
well as dissolved gases would be deter- 
mined in the vacuum-fusion analyses. 

Except for a few instances where 
carbon monoxide has been found in the 
unsound ingots, practically all of the 
gas unsoundness observed in beryllium 
can be explained by the supposition 
that hydrogen dissolved in the melt 
evolves during solidification as a re- 
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sult of decreased solubility. The princi- 
pal source of hydrogen is, of course, 
moisture. Experimental proof of the 
effect of the moisture content in the 
argon atmosphere on the soundness of 
beryllium castings made in a small- 
scale experimental furnace is shown in 
Fig 5. In addition to this experimental 
proof of the effect of moisture, there 
are many indications or circumstantial 
evidence which place hydrogen, ab- 
sorbed from moisture, at the head of 
the list as the main cause of gas un- 
soundness in beryllium. These are: 1. 
The necessity for melting a wash heat 
in a crucible before consistently sound 
castings can be obtained from it. 2. 
The necessity, when using the flux 
method, to melt the flux before it is 
added to the metal. If the flux is not 
melted, a considerable amount of hy- 
drogen may be absorbed from the 
water in the flux. 3. The necessity for 
drying molds thoroughly before sound 
beryllium castings are made in them. 
4. Melting a charge previously wet 
with water has produced gas unsound- 
ness in an application where such un- 
soundness was desired. 

In addition, there have been many 
other indications which have shown 
that moisture should not be allowed 
to contaminate any of the tools used 
in the melting process which are likely 
to come into contact with the molten 
beryllium. 


Summary and Conclusions 


The success with which beryllium 
castings can be made in the plant or 
laboratory depends, to a great meas- 
ure, upon how well certain difficulties 
attendant to the handling of this metal 


are overcome. These difficulties, not 
peculiar to beryllium alone but en- 
countered in the handling of many 
commercial metals, include a_ high 
degree of reactivity with oxygen and 
nitrogen; this characteristic is ac- 
centuated by the high pouring tem- 
peratures of 2600-2900°F and results 
in the formation of dross which, if car- 
ried over to the mold, can produce 
serious casting defects. Another char- 
acteristic of the metal is that it is very 
weak and brittle at high temperatures 
and, therefore, tends to crack easily 
when hot. Its low ductility when cold 
can also result in cracks if the normal 
contraction of the casting is restrained 
during cooling. Finally, and perhaps 
the greatest difficulty encountered has 
been unsoundness resulting from gas 
evolution during solidification. 

Another characteristic of the metal 
which must be carefully considered is 
the apparently extreme toxicity of the 
fumes evolved during melting and of 
the dust formed during machining, 
grinding, sawing, and other procedures. 

The problem of gas absorption has 
been studied by the use of a small, 
controlled gas-atmosphere induction 
furnace. It has been found that if rea- 
sonable care is taken to prevent the 
exposure of beryllium to moisture dur- 
ing the melting and casting operations, 
consistently sound castings can be 
produced. 

The reason for the occurrence of 
unsoundness is not completely under- 
stood but it is apparent from the ex- 
perimental work that hydrogen picked 
up from moisture accounts for a 
major part of the gas which causes the 
unsoundness. 

The results of the present investiga- 
tion have added considerably to the 
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FIG 13—Photograph of a cylindrical casting 52 in. od, with 


knowledge relating to the proper han- 
dling of beryllium in the foundry. 
Techniques have now been developed 
which will permit the production of 
consistently sound beryllium castings 
from heats weighing up to 80 lb and 
limited in size only by the melting 
equipment available for this particular 
operation. 

The following recommendations for 
the melting and casting of beryllium 
are based upon observations made in 
the course of the experimental work, 
including the preparation of heats 
weighing up to 80 lb: 

1. Melts may be made in thoroughly 
preheated beryllia or graphite-bonded, 
silicon carbide crucibles (Tercod). 
Usually, a wash heat is desirable in a 
new crucible to insure complete re- 
moval of moisture. High-frequency in- 
duction heating is the most convenient. 

2. The beryllium melting charge 
should be thoroughly dried out at a 
temperature between 500 and 800°F. 
Thereafter, in the melting process, the 
metal should not be subjected to any 
atmosphere or material which might 
be a source of moisture, or gas, par- 
ticularly hydrogen. 

3. No fluxes need be employed, but 
the metal should be protected from the 
atmosphere by means of argon of the 
lowest possible moisture content. This 
can be accomplished by covering the 
melting crucible and introducing argon 
at right angles to the melt surface so 


that it mushrooms out over the bath. ‘ 


The argon can be satisfactorily dried 
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a 2-in. wall, 4 in. high. 


This casting is shown as stripped from the mold. 


by passing it through a coiled copper 
tube held at about minus 100°F. 

4. The time that the metal is kept in 
the molten condition, especially at the 
pouring temperature, should be held to 
a minimum, and the casting should be 
poured as soon as the proper melt tem- 
perature has been reached. 

5. Themaximum temperature should 
be kept low, preferably less than 
2900°F, and the pouring temperature 
should also be kept at a minimum, 
consistent with the degree of fluidity 
necessary to fill the mold cavity com- 
pletely without cold shuts or misruns. 

6. Where possible, the casting should 
be poured directly from the furnace in 
order to carry out effectively these 
recommendations. Ladling, while not 
desirable, may be useful when pouring 
centrifugal castings. 

7. The mold material should be such 
that the metal will not reaet with it. 
Thoroughly preheated graphite which 
has not been used for more than ten 
casting operations appears to be satis- 
factory, though there are considerable 
differences among various grades of 
graphite. 

8. Dross entrapment should be 
avoided. It has been found that this can 
be accomplished most effectively by 
introducing the metal into the mold 
gently by permitting the molten metal 
to run down a low incline into the 
cavity, using the Durville method or a 
modification of it. 

9. Any undue restriction to the con- 
traction of the hot casting, such as a fin 


which would result in cracking, should 
be prevented by proper design of the 
mold cavity. As far as is known to date, 
this means that it is feasible to cast 
only relatively simple shapes which do 
not present problems of restriction to 
contraction. However, the precise limi- 
tation on complexity of design has not 
been established. The development of 
collapsible molds for beryllium casting 
is a definite possibility. 

10. Beryllium castings having fairly 
thin sections can be made in a graphite 
mold if the surface areas are relatively 
small. The remarkable flowability of 
beryllium in graphite molds and the 
reproduction of minute detail in the 
mold design should not be overlooked. 

ll. The size of the castings, includ- 
ing the gates and risers, is limited only 
by the size of the available melting 
equipment. At the present time at 
Battelle, the maximum is about 80 Ib 
of beryllium. 

12. Within the limitations outlined, 
both static and centrifugal castings can 
be satisfactorily made. 
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Introduction 


Those who have examined beryllium 
and beryllium-rich alloys under the 
microscope have noted the results of 
the difficulties encountered when pre- 
paring these materials for examination. 
-Hard constituents are readily chipped 
and pulled out of the matrix, and the 
soft ones are easily gouged out or em- 
bedded with abrasive or other material. 
The matrix is easily deformed, which 
makes it very difficult to remove the 
effects of scratches. Furthermore, the 
matrix and some of the constituents 
are also readily pitted during etching, 
which makes the structure difficult to 
develop. 

The metallographic techniques de- 
signed to avoid these difficulties are 
neither radically new nor necessarily 
the best possible procedures. They 
were developed at Battelle to fill im- 
mediate requirements as part of a study 
of the preparation and pouring of 
beryllium melts as described in a 
separate paper. 

A part of the research program on 
the causes of gas unsoundness in bery]- 
lium castings entailed a study of the 
effects of such gases or gas formers as 
oxygen or oxides, nitrogen or nitrides, 
and carbon or carbides. These gases or 
gas formers, if dissolved in the melt, 
might be an important factor in the 
study of unsoundness caused by gas 
evolution in beryllium. Because it was 
necessary to be able to distinguish these 
gases or gas formers, if present as alloy 
constituents, from metallic phases also 
present as alloy constituents, a series of 
alloys was prepared with additions of 
the various possible metallic and non- 
- metallic constituent formers. It should 
be emphasized that the constituents 
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referred to as gases or gas formers are 
important in the study of gases in 
beryllium only if they form a part of 
the alloy, that is, if they dissolve in the 
liquid or solid metal. 

During the first part of the develop- 
ment of metallographic techniques, the 
Massachusetts Institute of Technology, 
unpublished report (TC 3315, Nov., 
1945) by Paul Gordon, describing 
various microconstituents in beryllium, 
was quite useful. Of particular interest 
in this report is the confirmation of one 
of the conclusions drawn from the 
present investigation, that is, that a 
distinct oxide phase apparently does 
not occur in beryllium. 


The Preparation of Metal- 
lographic Specimens 


GRINDING PROCEDURE 


The original specimen is either sawed 
or cut on an abrasive wheel to a con- 
venient size. For best results, the sur- 
face to be polished should not be more 
than about 14 in. square, and it is con- 
venient to mount the specimens in 
bakelite to facilitate handling. Two 
alternative grinding procedures have 
been developed. As one alternative, 
specimens are ground successively on 
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120-, 240-, and 400-grit, wet-or-dry 
metallographic discs. The abrasive 
discs are revolved at 1750 rpm on a 
conventional pedestal grinder. The 
coarsest disc (120 grit) is used either 
wet or dry, and in most instances, it 
can be eliminated from the procedure. 
Grinding on the two finer discs (240 
and 400 grit) is accompanied by the 
application of kerosene. The technique 
consists of holding an oil can, contain- 
ing kerosene, in one hand and the 
mounted specimen in the other hand. 
While the grinding is being done, sev- 
eral drops of kerosene are applied 
every few seconds close to the center 
of the disc. Carbon tetrachloride serves 
at least as well as kerosene as a 
lubricant; perhaps it is slightly better, 
but it volatilizes so readily that an 
additional health hazard is involved. 
Light oils and water are not satisfac- 
tory for the finer grinding operations. 

The second procedure is perhaps 
slightly slower than the first and re- 
quires a more careful technique, but it 
eliminates the use of kerosene. The 
specimen is first ground wet on a 240- 
grit disc, followed by dry grinding on a 
400-grit disc. 

Finer grinding does not appear to be 
necessary with either of the two al- 
ternative procedures. 

The pressures used throughout either 
grinding operation must be extremely 
light, that is, barely sufficient to hold 
the specimen in contact with the disc; 
otherwise, flow and chipping are almost 
certain to occur. 

In both procedures, it is essential 
that the discs be sharp and that they 
be discarded as they show evidence of 
becoming dull or loaded. In general, 
not more than four or five specimens 
can be ground on a disc before the disc 
becomes dull enough to warrant dis- 
carding it. 
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FIG 1 (above)—Heat A-9. Unetched. High 
carbon from mold reaction. 
FIG 2 (below)—Heat A-4. Unetched. High 


carbon from mold reaction. 
X 500. Reduced one-half in reproduction. 


Hand grinding of the beryllium al- 
loys has not been successful, even 
though the grinding is done under 
kerosene. 

The preparation of the specimen 
may be considered more than half done 
when a satisfactory fine grind has been 
obtained. The specimen should be 
examined at 500 magnification in the 
ground condition before starting the 
polishing operation. After some experi- 
ence, the operator will be able to judge 
whether or not the grinding has been 
accomplished without either deforming 
the surface of the beryllium matrix or 
breaking out the hard, brittle con- 
stituents. If there is evidence that some 
constituents have been broken out or if 
there is evidence of flow in the beryl- 
lium matrix, it is well to start over 
again because it is a waste of time to 
attempt to polish an improperly ground 
specimen. 


POLISHING PROCEDURE 


After a proper grind has been ob- 
tained on a specimen, the final polish- 
ing can be accomplished in a few 
minutes. Two successful procedures 
have been developed. With either 
method, the specimen is slowly counter- 
rotated on a 4-in. polishing head rotat- 
ing at 1750 rpm. 

The first method is more rapid but 
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less reproducible. The polishing head 
is covered with worsted serge because 
the use of longer nap cloths seems to 
promote pitting and should be avoided. 
A solution of 5 pet oxalic acid in water 
is used in conjunction with an abrasive 
on the polishing cloth. This is an im- 
provement over a more complicated, 
glycerine-containing solution which was 
used earlier and which seemed, in some 
cases, to promote pitting of the speci- 
men. Fine alumina is used sparingly as 
the abrasive. However, when soft con- 
stituents occur, such as those formed 
by aluminum or tin additions, levi- 
gated CP-Fe.,0; is better though 
slower than alumina. When alumina 


‘is used as the abrasive, there seems to 


be a greater tendency for ‘soft con- 
stituents to be gouged out. Actual 
polishing of the specimens apparently 
requires a proper balance between 
chemical solution by the oxalic acid on 
the one hand, with the abrasive action 
by the alumina on the other. This 
procedure requires rather careful man- 
ual manipulation which can be effected 
only after considerable practice. 

The polishing procedure consists of 
applying a small amount of abrasive 
and oxalic acid solution at the begin- 
ning of the operation and, as the 
polishing continues, adding only the 
oxalic acid solution. As the polishing 
operation nears completion, the addi- 


tion of the oxalic acid solution is dis- 
continued and water is added a few 
drops at a time to keep the wheel 
slightly moist. 

The alternate polishing procedure, 
slower than the one already described 
is based on abrasive action alone, and 
requires less judgment on the part 
of the operator. It was developed 
primarily to retain magnesium-rich 
constituents during the polishing op- 
eration. The small-diameter, high- 
speed wheel is covered with ordinary 
green billiard cloth, the usefulness of 
which appears to improve with use. 
Merck’s CP heavy MgO, suspended in 
30 pet hydrogen peroxide, is used as 
the polishing agent. Since this suspen- 
sion does not “keep”’ well, it is best to 
prepare small amounts several times 
daily. During the polishing operation, 
a considerable amount of the suspen- 
sion is used on the wheel, so that, 
actually, the polishing is done on a 
layer of MgO rather than on the cloth. 
The peroxide has two functions. It 
holds the MgO on the cloth more 
satisfactorily than does water, and it 
also appears to inhibit the reaction of 
water with some of the microcon- 
stituents of beryllium, particularly the 
magnesium-rich phase. Even with this 
“slower”? procedure, polishing can 
usually be completed within a few 
minutes. 


ETCHING PROCEDURE 


No systematic study of etching 
reagents has been made. However, a 
number of the common metallographic 
etchants were tried and, of these, only 
one appeared to be universally suc- 
cessful on the alloys. This etchant is 
composed of 10 cc of 48 pct hydro- 
fluoric acid and 90 ce of 190-proof ethyl 
alcohol. Etching times range from 10 to 
30 sec. This etchant outlines and pro- 
duces many color distinctions to the 
different alloy phases, and not infre- 
quently develops fine lines in the beryl- 
lium matrix which appear to be faults 
in the lattice structure. The etchant 
seems to increase in activity after 
standing for several hours. In general, 
the other etchants which have been 
investigated have been found to cause 
some pitting of the polished surface. 


Identification of Con- 
stituents 
A number of alloys were made especi- 
ally for metallographic study. In addi- 


tion, a number of specimens have been 
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included from heats made for other 
‘purposes. 

Black and white micrographs are 
included in this paper, and in addition, 
color transparencies have been pre- 
pared of a number of the microstruc- 
tures. This color photography is of 
great assistance in preserving and de- 
scribing the colors of the various con- 
stituents. Ansco daylight film was used 
with a light source consisting of a 
6-volt, 18-amp microilluminator, con- 
taining a 3200°K ribbon filament. 
Various combinations of color-correc- 

_ tion filters were necessary because of 

- the different reflectivities of the dif- 

- ferent constituents and, in general, it 
was difficult to avoid a greenish cast 
to the background. 

No microconstituent has been found 
which can be identified as an oxide or 
as a hydride. This, however, does not 

_ preclude the possible presence of oxy- 
gen (or an oxide) or hydrogen (or a 
» hydride) in liquid or solid solution in 
_ the metal, or even as a second phase in 
the solid metal. ; 
_ The carbide is a distinctive phase; 
it is hard, angular, usually gray, and 
when exposed to the atmosphere, it 
_ readily stains, first to all colors of the 
_ rainbow and, eventually, to brown. 
Fig 1 and 2 are specimens containing 
“4 a high proportion of carbide, which is 
the prominent, angular gray constitu- 
L ent. The shadowy, lighter gray phase 
seen in the background, particularly of 
_ Fig 2, is unidentified, but it is probably 
a silicon-bearing phase. The hydro- 
fluoric etch has no effect on the color 
of the carbide constituent. 


FIG 3 (above)}—Heat A-6. Unetched. 1 pct 
C added. 

FIG 4 (below)—Heat A-7. Unetched. 2 pct 
C added. 


x 500. Reduced one-half in reproduction. 


Fig 3 and 4 are specimens from heats 


‘to which 1 and 2 pct carbon, respec- 


tively, were added as graphite. The 
angular, gray carbide constituent is 
easily recognizable. The lighter gray 
constituent (actually a light blue- 
gray) is a silicon-rich phase, while the 
bright speckled phase (actually slightly 
yellow) is an aluminum-rich phase. 
Fig 3 and 4 should be compared with 


i 


a 


gin beryllium. Light etch. X 500. 
| deep etched to show grain boundaries. X 500. 
¥ V : 


Fig 1, a high-carbon specimen, and 
Fig 5, a vacuum-cast material ;which, 
in this instance, contains a_ small 
amount of carbon in the form of a 
small quantity of angular, gray car- 
bides. Very little of the light-blue 
silicon-rich phase is present, but with 
a relatively greater amount of the 
yellow speckled aluminum-rich phase. 
It is of interest that the silicon-rich 
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FIG 7 (above)—Heat A-2. Made under 
nitrogen. Unetched. 
FIG 8 (below)}—Heat A-2. Isolated nitride 


needle. 
>< 500. Reduced one-half in reproduction. 


and the aluminum-rich phases can 
exist in the same “particle” as shown 
just below the center of Fig 5. 

Fig 6 is a photograph of a poorly 
prepared specimen in which the cold- 
worked material was not completely 
removed by the polishing operation. 
It is of interest, however, that deep 
etching reveals the individual grains 
and also delineates the grain bounda- 
ries. This treatment is unsatisfactory as 
a means of revealing “‘second”’ phases, 
however, because the aluminum-rich, 
silicon-rich, and carbide phases are 
scarcely recognizable in the figure. 

The nitride phase is distinctive. It is 
also gray, but a darker gray than the 


carbide, is not affected by the HF . 


etchant, and is usually present in 
needle-like form. However, in large 
amounts, it may also have a more 
massive appearance. Fig 7 is a photo- 
graph of a specimen cast from a heat 
melted under nitrogen and represents 
a badly segregated part of the ingot. 
An angular, gray carbide particle is 
also evident somewhat to the right of 
the center of the photograph, but other 
phases are not readily identifiable. 

Fig 8 is a photograph of an iso- 
lated nitride needle in a portion of the 
same ingot represented by Fig 7. As- 
sociated with the needle are the angu- 
lar carbide phase, the speckled yellow 
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aluminum-rich phase, and the bluish 
silicon-rich phase. This latter phase is 
barely visible in the photograph. Again, 
the silicon-rich phase and the alumi- 
num-rich phase are seen to occupy the 
same ‘‘particle,” about halfway along 
the top side of the needle. The alumi- 
num-rich phase is also present as an 
“inclusion” in the nitride and carbide 
phases. The black areas are holes and a 
crack is also evident across the lower 
right-hand corner of the photograph. 

One phase found in practically all 
samples of beryllium studied is an 
aluminum-rich phase. It has already 
been noted in the descriptions of the 
preceding photographs. It is soft and 
difficult to polish; it is bright yellow 
and often appears to be speckled. This 
speckled appearance, revealed by care- 
ful polishing, may indicate a eutectic. 
The HF etch does not affect the color, 
but does outline the phase which may 
be present as a grain-boundary con- 
stituent or as isolated globules, as 
shown by Fig 9, a photograph of a 2 
pet aluminum alloy. As mentioned 
before, a light-blue silicon-rich phase is 
often associated with the bright-yellow 
aluminum-rich phase. This is noted 
again in Fig 9, where several areas in 
the otherwise yellow stringers are 
occupied by the light-blue phase. It is 
also possible that the speckled con- 
stituent may be the bright-blue, silicon- 
rich phase, or some other phase 
attributable to silicon. Only a few car- 
bides are present in the specimen, 
represented by Fig 9, and they appear 
about equally abundant in the matrix 
and in the aluminum phase. In 
this instance, over-exposure has black- 
ened their appearance considerably 
as well as darkened the matrix in the 
photograph. 

Fig 10 is a photograph of a heat to 
which 10 pct silicon has been added. 
The light-blue phase attributable to 
silicon is seen in the grain boundaries 
and as isolated particles. The angular, 
gray carbide phase is easily recognized, 
as is the bright-yellow aluminum-rich 
phase which is associated to some ex- 
tent with the silicon phase. The light- 
blue silicon phase is intermediate in 
hardness between the aluminum-rich 
phase and the matrix, and is outlined 
but not stained by the HF etch. 

There are probably other phases 
associated with silicon; one of these is 
probably illustrated in Fig 11, which is 
a photograph of a heat that had re- 
acted with a silicon carbide crucible. 
The triangular-shaped gray phase with 
a crack running through it is beryllium 


carbide. The grain-boundary constitu- 
ent is the light-blue phase previously 
attributed to silicon. Associated with it 
are small amounts of the bright-yellow- 
ish aluminum-rich phase. The dark, 
irregularly shaped constituent in the 
center of the photograph is a hard, 
dark blue-green constituent whose color 
is not affected by the HF etchant. It 
might be silicon carbide, although no 
positive identification has been made. 
It also occurs in heats which have had 
no contact with silicon carbide cruci- 
bles, but it always appears to be associ- 
ated with silicon in some form. 

Fig 12 shows a sample to which 10 
pet titanium was added. The phase 
attributable to titanium is slightly 
pink and generally angular and its color 
is not affected by the HF etchant. 
Angular gray carbides are readily 
identified in the photograph. Alumi- 
num- and silicon-rich phases, if present, 
have been “‘absorbed”’ in the titanium- 
rich phase. The fine black dots, which 
seem to be real, have not been identified. 

Fig 13 shows a sample to which 10 
pet calcium was added. Only two 
phases other than the matrix appear to 
be present. One is the angular gray 
phase previously identified as beryllium 
carbide, while the second is a light- 
yellow, generally angular phase present 
in fairly large amounts which can be 


FIG 9 (above)—Heat 162. Unetched. 2 pct 
Al alloy. 
FIG 10 (below—Heat A-32. Lightly 


etched. 10 pct Si added. 
X 500. Reduced one-half in reproduction. 
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FIG 11 (above}—Heat A-25. Unetched. 
Melt reacted with silicon carbide crucible. 
FIG 12 (below}—Heat A-33. Lightly 


etched. 10 pct Ti added. 
X 500. Reduced one-half in reproduction. 


FIG 13 (above}—Heat A-34. Slightly 
etched. 10 pct Ca added. 
FIG 14 (below)—Heat A-35. Unetched. 
10 pct Sn added. Segregated area near 
2-metal interface. 


attributed to the calcium addition. 
When tir is added to beryllium, a 
two-liquid system is formed which 
causes a two-layer ingot. The heavy 
tin-rich liquid settles to the bottom 
and mechanically carries the beryllium 
carbide along with it. Fig 14 shows a 
segregated area just above the interface 
between the two metals. Globules of 
the tin-rich phase are in evidence, and 
associated with them are the familiar 
angular gray carbides. The tin phase is 
yellow and similar in appearance and 
polishing characteristics to the alumi- 
num rich phase previously described. 
It is soft and difficult to polish, as evi- 
denced by the smeary appearance in 
the photograph. The beryllium layer, 
away from the interface, is remarkably 
free of inclusions. The beryllium-rich 
phase in the tin layer is present as a 
finely dispersed eutectic resolved only 
at X 2000 magnification. 

Fig 15 and 16 are photographs of a 
sample to which 10 pct iron was added. 
Fig 15 shows the sample unetched and 
the phase attributed to iron appears in 
the grain boundaries almost entirely 
and is barely distinguishable from the 
_ background. The familiar gray carbides 
are present in the matrix and only 
occasionally in the iron-rich material. 
Other phases, if present, have been 

“absorbed” in the iron-rich phase. The 
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< 500. Reduced one-half in reproduction. 


HF etchant (Fig 16) colors the iron 
phase to a reddish brown, thus afford- 
ing a method of distinguishing it from 
other similar-appearing phases. 

Ten per cent manganese was added 
to the specimen shown in Fig 17. The 
phase attributable to manganese is 
very similar in appearance to the iron 
phase. It appears in the grain boundar- 
ies and is slightly more pink than the 
matrix. The beryllium carbide seems 
to prefer the grain-boundary location 
in this alloy. Unlike the iron phase, the 
manganese phase is not stained by 
HF but only outlined by it. 

Fig 18 shows a specimen to which 6 
pet boron was added. The phase at- 
tributable to boron appears in the grain 
boundaries and is colored red, but is 
stained blue or purple by the HF 
etchant. The familiar carbides are 
present, away from the grain boundar- 
ies. The yellow aluminum-rich phase 
also appears as a distinct constituent 
which, in some locations, is closely 
associated with the red boron phase. 

An attempt was made to produce an 
oxide phase in beryllium by adding 
silica to a melt. An increase in the light- 
blue silicon-rich phase was noted as 
well as the appearance of small 
amounts of the dark blue-green phase 
which has also sometimes been associ- 
ated with silicon.” Any oxide formed, 


however, either went into solution and 
remained there, or was insoluble and 
separated by gravity from the melt, 


FIG 15 (above)—Heat A-36. Unetched. 
10 pct Fe added. 
FIG 16 (below)—Heat A-36. Etched. 10 pct 
Fe added. 


500. Reduced one-half in reproduction. 
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FIG 17 (above)—Heat A-37. Etched. 
10 pct Mn added. 
FIG 18 (below)—Heat A-39. Unetched. 
6 pct B added. 


X 500. Reduced one-half in reproduction. 


Five per cent molybdenum was 
added to the specimen, represented by 
Fig 19. Until it is etched, the phase 
attributable to molybdenum, like the 
iron-rich phase, appears to be about the 
color of the matrix. It first stains, on 
etching, to a chocolate color and then 
to a black. Carbides were substantially 
absent in this specimen, but the yellow 
aluminum-rich phase appears in small 
amounts. 

A 6 pct copper alloy showed no phase 
attributable to copper. This is indica- 
tive of rather high solid solubility of 
copper in beryllium. 

In a 5 pet uranium alloy, the ura- 
nium-rich phase was not distinguisha- 


ble from the matrix in the unetched 


condition. However, the etchant stained 
the uranium-rich dendritic phase to a 
series of colors ranging from yellow to 
green. A photograph of this etched 
specimen is shown in Fig 20. The 
dendritic structure is easily seen and 
only a few carbides, largely in the 
matrix, are in evidence. 

Materials containing as low as 0.35 
pet magnesium have been shown to 
contain a phase attributable to that 
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FIG 19 (above)—Heat A-46. Slightly 
etched. 5 pct Mo added. 
FIG 20 (above)—5 pct U alloy. Slightly 


etched. 
X 500. Reduced one-half in reproduction. 


material. In some of the early work, 
this phase was overlooked because it is 
soft and difficult to maintain during 
grinding. In addition, it is somewhat 
reactive to water and may disappear 
during polishing. Fig 21 shows this 
phase, believed to be a magnesium-rich 
constituent, in a specimen containing 
about 0.75 pet magnesium. It is bright 
““water white,’’ very soft as compared 
to the matrix, and readily removed by 
the HF etch, leaving pits. 

Fig 22 shows an alloy to which 5 pct 
zirconium was added. The phase at- 
tributable to zirconium is dendritic in 
appearance and, until etched, is barely 
distinguishable from the matrix, but 
the alcoholic HF etch outlines the 
phase and stains it a light blue. Further 
etching has no effect on the color. 


Summary 


Reasonably satisfactory metallo- 
graphic techniques have been devel- 
oped for beryllium and beryllium-rich 
alloys. 

The following phases have been 
identified: 


FIG 21 (above)—Melting stock containing 
0.75-1.00 Mg. Unetched. 
FIG 22 (below)—5 pct Zr alloy. Slightly 


etched. 
X 500. Reduced one-half in reproduction. 


. Carbide 

. Nitride 

. Aluminum rich 
. Silicon rich 

. Calcium rich 

. Titanium rich 

. Tin rich 

. Iron rich 

. Manganese rich 
. Boron rich 

. Molybdenum rich 
2. Uranium rich 

. Magnesium rich 
. Zirconium rich 
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No second phase attributable to cop- 
per could be found in a 6 pet copper 
alloy. No phase attributable to oxygen 
or hydrogen has been found, but this 
does not preclude their presence in 
liquid or solid solutions. 
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Four typical examples, taken from 100 case histories, show superior 


For 4 years before “E” Steel was 
publicly announced, this new, free- 
utting bessemer screw stock was 
ried by independent machine shops 
throughout the metal-working 
industry. 

— More than 6,100 tons were tested 
im over 100 applications! 

Here are quotations from 4 typical 
case histories: 


CASE HISTORY #1 “. . . tool life in- 
creased 100% at normal speeds . . . better 
finish . . . shop people liked it.”’ 


CASE HISTORY #2 “. . . tool life in- 
creased up to 200% ... uniformity of finish 


“ ops report 


| WITH NEW 


GE steet 


CASE HISTORY #4 


remained constant . . . considerably in- 
creased speeds without sacrifice to finish.” 


CASE HISTORY #3 “. . . tool life in- 
creased two to four times . . . we were able 
to tap 1” full internal pipe thread, almost 
impossible on regular material.”’ 


CASE HISTORY #4 “.. . new steel ma- 
chines very well .. . finish excellent... 
tool life increased... . 5 to 10% better 


production.” 


You too can get greater economies 
in your machining operations with 
new J&L free-cutting “E” Steel. 
“ke” Steel is available in three grades: 
E-15, E-23 and E-33, each within 


the composition limits of the stand- 


Jones & LAUGHLIN STEEL CORPORATION 


%* (E" STEEL 1S QUALITY-CONTROLLE 


D FROM OUR OWN MINES THROUGH THE FINISHED PRODUCT 


machinability of J&L “E”’ Steel. 


ard bessemer screw steels and with 
similar tensile properties. All stand- 
ard sizes and shapes are available. 
For further information write for 
your copy of our new booklet: 


(SE tee! am 


Jones & Laughlin Steel Corporation 
445 Jones & Laughlin Building 
| Pittsburgh 19, Penna. 


l 
| Please send me a copy of “J&L *E” Steel.” 


Name — aa 
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Headquarters for 


Laboratories generally are among the 
safest places to work—partially because 
the technician’s training and intelligence 
caution him when danger exists. In addi- 

+ tion, laboratories have at their command 
an entirely unique group of safety regula- 
tions, apparatus, and chemicals specifically 


developed to minimize the accident rate. 


The development and manufacturing 
facilities of the Fisher Scientific Co. insure 


an immediate and comprehensive supply of 


these items. 


ies 
Acid Bottle Carriers 


Coats, Aprons, Gloves 
Radiation Instruments 

Fume Hoods 

Tongs 

Carboys and Tilters 

Stirring Devices 

First Aid Cabinets 

Pipette Fillers ® 
Safety Shields 

Goggles and Visors” 
Respirators 

Protective Creams 

Fire Blankets 

Fire Extinguishers 

Acid Pouring Spouts 
Safety Heating Apparatus 


Desiccator Guards 


